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Abstract
The formation of three dimensional tissue (3D) in the laboratory highly depends
on the biomimetic environment, the engineered extracellular matrix (scaffold), the cell
type as well as the biologically active components. The scaffolds should resemble the
structural and biochemical features of the natural extracellular environment in order
to support and control the cell migration and growth. In particular, the microstruc-
ture and pore architecture significantly affect cell growth as they determine nutrient
and oxygen diffusion, waste removal as well as spatially organized cell orientation.
Open and interconnected pore architectures are strongly necessary to optimize these
parameters for 3D cell growth. Zinc oxide (ZnO) networks, which consists of inter-
connected tetrapod-shaped ZnO micro particles, provide a highly porous (porosity ≥
93%) framework with spaces of approximately 10 µm to 100 µm between filaments
that is comparable to the fibrous microarchitecture of extracellular matrix (ECM).
ZnO networks can serve as a sacrificial template for the fabrication of carbon-based
scaffolds. After a desirable functionalization, such a highly porous carbon-based scaf-
fold with its specific micro-structure can have a revolutionary impact on biomimetic
scaffolds for 3D cell growth.
The primary focus of this study is to fabricate and functionalize these highly porous
carbon-based scaffolds and to understand biological and cellular responses toward
them. Therefore, ultra-light carbon-based scaffolds (aerographite), which consist of
a self-supporting highly porous (≥ 99.9% free volume) network of seamlessly intercon-
nected hollow graphite tubes with micrometer-scale diameters and certain mechan-
ical flexibilities, were functionalized with cyclic RGD (cRGD) peptides coupled to
poly(ethylene glycol) (PEG) conjugated phospholipids. The PEG lipids render the
hydrophobic aerographite (AG) hydrophilic and the cRGD enables fibroblast adhesion
to the AG. However, stiffness and electrical conductivity of AG only can be tailored
within small ranges (up to ∼ 100 kPa and between 0.2 and 0.5 S/m, respectively),
limiting its applicability for cell culturing. Hence, a novel modular design strategy
to generate biofunctional composite scaffolds based on ZnO templates infiltrated by
graphene and carbon nanotubes (CNT) is presented. The resulting micro-fibrous scaf-
folds have high porosities (up to 93%), and can be produced with a wide range of
Youngs moduli (from ∼ 0.027 to ∼ 22 MPa) as well as electrical conductivity (from ∼
0.1 to ∼ 330 S/m) and different surface compositions. Furthermore, the micro-fibrous
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scaffolds have a high protein adsorption capacity (up to 77.32±6.95 mg/cm3), which
enables them to resemble the ECM not only structurally, but also biochemically. In
addition, the fibroblasts have been found to have the typical polygonal cell shape
with elongated cytoplasm projections in-between the microtubes, revealing that the
scaffolds support successful growth and adhesion of fibroblast cells.
To exploit the unique spatial features of the highly porous network for bone tis-
sue engineering, bioactive ceramic nanoparticles (hydroxyapatite (HA), bioactive glass
(BG)) are successfully incorporated into CNT-based scaffolds. The resulting 3D hy-
brid structures possess a hierarchical architecture, consisting of microfiber composites
of self-entangled CNTs and bioactive nanoparticles. The incorporation of HA and BG
nanoparticles into the porous network promotes the biomineralization ability and the
protein adsorption capacity of the scaffolds significantly, as well as fibroblast and os-
teoblast adhesion. This strategy is a new approach for implementing low-dimensional
bioactive materials into 3D carbon-based microfibrous networks. However, the incorpo-
ration of low-dimensional materials into AG structure depends on the immobilization
of nanoparticles on the AG filaments. Therefore, the decoration of the AG scaffold
with HA nanoparticles was done by a novel periodic electrophoretic deposition tech-
nique. The micro-filaments of the resulting network are homogeneously coated by HA
nanoparticles on both internal and external areas of the network. Osteoblast prolifer-
ation and protein adsorption assays have revealed that the hydroxyapatite decorated
AG scaffolds are biocompatible. A drastic increase in alkaline phosphatase (ALP)
activity of osteoblasts up to about 300% was detected, showing that the scaffolds are
able to promote osteoblastic activity as a result of HA nanoparticle decoration.
The methods presented in this thesis provide a novel concept to generate biocom-
patible and bioactive fibrous carbon scaffolds that mimic the ECM with the additional
feature of conductivity. The generated scaffolds can serve as groundbreaking fiber sys-
tems for 3D cell growth, which pave the way toward further investigations of diverse
tissue engineering and bioapplications.
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Zusammenfassung
Die Entstehung eines dreidimensionalen (3D) Gewebes im Labor ha¨ngt stark von
der biomimetischen Umgebung, der geformten extrazellula¨ren Matrix (Geru¨st), dem
Zelltyp sowie von den biologisch aktiven Komponenten ab. Das Geru¨st soll in Struk-
tur und biochemischen Eigenschaften der extrazellula¨ren Umgebung a¨hneln, da dies
Zellmigration und -wachstum einerseits fo¨rdert und andererseits kontrollierbar macht.
Insbesondere die Mikrostruktur und die Architektur der Hohlra¨ume haben einen erhe-
blichen Einfluss auf das Zellwachstum, da sie die Na¨hrstoff- und Sauerstoffdiffusion, die
Abfallentsorgung und die ra¨umlich organisierte Zellorientierung beeinflussen. Um diese
Prozesse sicher zu stellen, mu¨ssen die Poren offen und vernetzt sein. Zinkoxid(ZnO)-
Netzwerke bestehen aus tetrapodfo¨rmigen, miteinander verbundenen ZnO-Mikroparti-
keln. Ihre hochporo¨se Struktur (Porosita¨t ≥ 93%) mit Absta¨nden von 10 µm bis 100
µm zwischen den Filamenten ist mit der faserfo¨rmigen Mikrostruktur der extrazel-
lula¨ren Matrix (ECM) vergleichbar. ZnO-Netzwerke ko¨nnen als Vorlagen zur Herstel-
lung von kohlenstoffbasierten Geru¨sten dienen und richtig funktionalisiert, kann solch
ein hochporo¨ses Kohlenstoffgeru¨st mit seiner spezifischen Mikrostruktur biomimetische
Geru¨ste fu¨r 3D Zellwachstum revolutionieren.
Der Hauptschwerpunkt dieser Studie ist es, sowohl solche hochporo¨sen kohlenstoff-
basierten Geru¨ste herzustellen und zu funktionalisieren, als auch die biologischen und
zellula¨ren Reaktionen auf diese Geru¨ste verstehen zu lernen. Dazu wurden ultra-
leichte kohlenstoffbasierte Geru¨ste (Aerographite) mit zyklischen RGD (cRGD) Pep-
tiden an poly(ethylene glycol) (PEG) konjugierten Phospholipiden funktionalisiert.
Aerographite (AG) sind selbsttragende und hochporo¨se (≥ 99.9% freies Volumen)
Netzwerke aus nahtlos verbundenen, hohlen Graphitro¨hren, welche Durchmesser im
Mikrometerbereich und eine bestimmte mechanische Stabilita¨t aufweisen. Durch eine
Funktionalisierung mit PEG Lipiden wird das hydrophobe AG hydrophil und cRGD
ermo¨glicht die spezifische Adha¨sion von Fibroblasten. Allerdings kann die Festigkeit
von AG nur um wenige kPa (bis zu ∼ 100 kPa), und die elektrische Leitfa¨higkeit
nur um wenige S/m (∼ 0.2 bis 0.5 S/m) angepasst werden, was die Anwendbarkeit
von AG als Substrat fu¨r Zellkultur mindert. Daher wird eine neue, bausteinartig
konstruierte Strategie zur Herstellung biofunktionaler Verbundgeru¨ste vorgestellt, die
mit Graphen und Kohlenstoffnanoro¨hrchen infiltrierte ZnO Vorlagen nutzt. Die resul-
tierenden mikrofaserfo¨rmigen Geru¨ste verfu¨gen u¨ber hohe Porosita¨ten (bis zu 93%) und
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ko¨nnen mit einem breiten Spektrum an Elastizita¨tsmodulen (∼ 0.027 bis 22MPa) und
elektrischen Leitfa¨higkeiten (∼ 0.1 bis 330 S/m), sowie mit verschiedenen Oberfla¨chenk-
ompositionen hergestellt werden. Außerdem haben diese neuen Verbundsgeru¨ste ein
hohe Proteinadsorptionskapazita¨t (bis zu 77.32±6.95 mg/cm3), wodurch sie extrazel-
lula¨ren Matrixen nicht nur strukturell, sondern auch biochemisch a¨hneln. Zusa¨tzlich
weisen Fibroblasten in diesen Geru¨sten eine typisch polygonale Zellform mit verla¨ngert-
en Zytoplasmaprojektionen zwischen den Mikroro¨hrchen auf, was auf das erfolgreiche
Wachstum und die Adha¨sion der Fibroblasten hinweist.
Um die einzigartigen Eigenschaften dieser hochporo¨sen Netzwerke fu¨r die Knochen-
gewebezu¨chtung zu nutzen, wurden bioaktive, keramische Nanopartikel (Hydroxyapeti-
te (HA), bioaktives Glass (BG)) erfolgreich in die CNT-basierten Geru¨ste eingebaut.
Die resultierenden 3D Hybridstrukturen besitzen eine hierarchische Architektur aus
Mikrofaserverbunden von verwobenen CNTs und bioaktiven Nanopartikeln. Die Ein-
bettung von HA- und BG-Nanopartikeln in einem poro¨sen Netzwerk begu¨nstigt neben
der Biomineralisierungsfa¨higkeit und der Proteinadsorptionskapazita¨t der Geru¨ste auch
die Fibroblast- und Osteoblast-Adha¨sion erheblich. Diese Strategie bietet eine neue
Mo¨glichkeit, niederdimensionale, bioaktive Materialien in 3D kohlenstoffbasierte Mikro-
fasernetzwerke zu implementieren. Jedoch, ha¨ngt die Angliederung von niederdi-
mensionalen Materialien in AG Strukturen von der Fixierung der Nanopartikeln auf
den AG Filamenten ab. Deswegen wurde das Versetzen von AG Geru¨sten mit HA
Nanopartikeln mit einer neuen, periodisch elektrophoretischen Beschichtungstechnik
durchgefu¨hrt. Die Mikrofilamente des resultierenden Netzwerks sind sowohl auf der
Innen- als auch auf der Außenseite des Netzwerks homogen mit HA Nanopartikeln
beschichtet. Das Proliferationsverhalten der Osteoblasten und die Proteinadsorption
zeigen, dass die HA beschichten AG Geru¨ste biokompatibel sind. Es wurde ein drastis-
cher Anstieg in der ALP Aktivita¨t der Osteoblasten von bis zu etwa 300% festgestellt.
Dies zeigt, dass das Beschichten der AG Geru¨ste mit HA Nanopartikeln osteoblastische
Aktivita¨ten fo¨rdert.
Die hier pra¨sentierten Methoden zeigen neue Konzepte der Herstellung von biokom-
patiblen und -aktiven Kohlenstoff Matrixen mit dem Vorteil der elektrischen Leitfa¨higk-
eit. Diese imitieren mit ihrer fibro¨sen Struktur die Extrazellula¨re Matrix im Gewebe
und generieren ein bahnbrechendes 3D Sytem fu¨r die Zellkultivierung. Im Bereich des
Tissue Engineering und der biologischen Anwendungen ko¨nnen diese Strukturen somit
als Grundlage zuku¨nftiger Forschung dienen.
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Chapter1
Introduction
Artificial scaffolds that mimic the cell extracellular matrix (ECM) have evolved
through demands in the field of tissue engineering, where they replicate the topograph-
ical environment of natural tissues1. Research on various synthetic materials that can
resemble artificial scaffolds is ongoing to develop free-standing three-dimensional scaf-
folds2, which provide better conditions for cell growth than two-dimensional ones3. In
these scaffolds, the microstructure and porosity are key elements in providing a spatial
organization for cell growth, as well as inducing various other biological functions4.
The interconnectivity among the microscale-sized pores allows nutrient transport and
cell migration. On the other hand, 2-20 µm thick fibrous microstructures arranged in
filaments that provide a network mimicking intricate collagen fibers of ECM5. Highly
porous ZnO templates, which consist of interconnected tetrapod-shaped ZnO parti-
cles6, offer such a fibrous microstructure as a potential scaffold. Carbon-based scaf-
folds with 3D porous microstructure are promising candidates in tissue engineering due
to their electrical conductivity and for their potential to convert into biofunctional7,
peptide- or protein-coated surfaces8. For instance, carbon-based nanomaterials e.g.
carbon nanotube (CNT) or graphene, have a strong tendency to interact with pep-
tides and proteins via physical or chemical bonds8,9. As the microarchitecture of the
carbon-based scaffolds can maintain the spatial organization for cell growth10, they
can be suitable for biofunctionalization and addition of other biochemical cues.
The aim of this study is to develop carbon-based scaffolds, to design methods to
biofunctionalize them and to investigate their interactions with living cells. The su-
perposition of the microtetrapod-based scaffold structure and the different surface
biofunctionalization techniques generates novel biocompatible scaffolds with diverse
features, as depicted in Figure (1.1). As a primary focus, the feasibility of AG as a
novel ultra-lightweight graphitic material for 3D cell growth was investigated. AG was
functionalized with cRGD peptides coupled to poly(ethylene glycol) (PEG) conjugated
phospholipids, promoting specific adhesion of fibroblast cells. In this study, I investi-
gated fibroblasts adhesion on these scaffolds and the biocompatibility of AG according
to the norm ISO 10993 (the data are available in chapter 3, based on publication 1).
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2 1 Introduction
Figure 1.1: Schematic of modular design strategy to generate biofunctional compos-
ites from aerographite, carbon nanotube, graphene and bioactive ceramic nanoparti-
cles via implementing and combination of different procedures. The green and red
stripes present the electrical conductivity and Young’s modulus of the structures,
respectively. (BGN: bioactive glass nanoparticles, CNT: carbon nanotube, HAn: hy-
droxyapatite nanoparticles)
Additionally, I present a novel technique for preparing the scaffolds by removing
the residual ZnO throughout washing cycles (Appendix-A). As described in chapter
4 (Based on publication 2), a variety of biomimetic carbon fiber scaffolds consisting
of microtetrapods in close collaboration with the group of Prof. Dr. Rainer Adelung
3(University of Kiel), Prof. Dr. Felice Torrisi (University of Cambridge) and Prof.
Dr. Bodo Fielder (Hamburg University of Technology) were developed. Tailoring
the features of fibrous scaffolds, a modular design strategy to generate biofunctional
scaffolds from CNT and graphene was employed. I have also shown the scaffolds
biocompatibility by investigating cell viability, fibroblast adhesion and proliferation
rate, and protein adsorption capacity of the scaffolds. The scaffolds are able to resemble
the extracellular matrix structurally and biochemically, successful cell adhesion and
growth. This strategy leverages the possibilities of developing fibrous frameworks for
3D cell growth with diverse features, which opens up new avenues in tissue engineering,
even for complex tissues.
To expand the applications of 3D carbon-based scaffolds in the field of bone tis-
sue engineering upon specific cellular and biological responses, the bioactive materials
were incorporated into the networks. In the first approach, novel bioactive carbon-
based hybrid scaffolds were fabricated by the integration of BG and HA nanoparticles
into microfibers of self-entangled CNTs (the results are available in Chapter 5, based
on publication 3). The scaffolds were developed in collaboration with the group of
Prof. Dr. Rainer Adelung (University of Kiel) and Prof. Dr. Aldo R. Boccaccini
(University of Erlangen-Nuremberg) by the adoption of a recently presented infiltra-
tion process for fabrication of self-entangled carbon nanotube tube networks in the
the group of Prof. Dr. Rainer Adelung (University of Kiel). I investigated the scaf-
folds bioactivity and biocompatibility in terms of fibroblast adhesion and proliferation,
osteoblast growth, protein adsorption capacity and ion release. I demonstrated that
hybrid carbon-based scaffolds successfully support 3D osteoblast growth and can en-
hance the biomineralization ability and protein adsorption capacity significantly. In
addition, the hollow microtubes can allow nutrient transport while the osteoblasts and
fibroblasts are stretched out along the fibers. In general, together with bioactivity
tunable stiffness and porosity features, the bioactive hybrid scaffolds can be promising
candidates for bone tissue engineering applications.
Despite the bioactive hybrid 3D scaffolds achieved by the infiltration approach, it
is not possible to include bioactive nanoparticles such as hydroxyapatite nanoparti-
cles (HAn) into AG, where indeed external forces are needed in order to immobilize
the HAn in the scaffolds. To overcome this limitation, I presented a novel periodic
electrophoretic deposition (PEPD) that allows a successful HAn coating on AG scaf-
folds, which are received from the group of Prof. Dr. Rainer Adelung (University of
Kiel) and Prof. Dr. Bodo Fielder (Hamburg University of Technology), both inter-
nally and on the surface (the results are available in chapter 6, based on publication
4). The coating process was monitored in situ, which leads to better understanding
of kinetics of nanoparticle deposition and allows finding out optimum parameters re-
quired for homogenous coating all over the scaffolds. The HAn coating significantly
promoted osteoblast activity and increased protein adsorption capacity. The results
from these studies provide a significant milestone in regulating 3D cell growth through
carbon-based fibrous networks.
4 1 Introduction
1.1 State-of-the-art
Employing the magnificent properties of carbon based nanomaterials in a macro-
scopic scale can improve function of the scaffolds, although assembly methods for
converting Carbon based nanomaterials (CBN)s into a suitable 3D architecture for tis-
sue engineering purposes are still challenging. Different assemblies such as CNT11–14,
graphene assemblies15–18 and self-entangled CNT networks19 have been reported. How-
ever, 3D CBN assemblies were rarely introduced in the tissue engineering field20–22.
Broadly speaking, cells adhere and colonize into CNT assemblies according to in vitro
studies22. Nevertheless, disassembly of CNT networks results in dispersion of scaffold
components in the blood circulation system or surrounding tissue23, which is consid-
ered a drawback for CNT assemblies.
Application of meso- and macroporous 3D CBN assemblies as a scaffold for cell
growth has been shown in many studies24. The architecture of CNT and graphene
macroporous 3D assemblies has been reported in the form of aligned CNT scaffolds25,26,
textile containing nano-fibers27, self-assembled CNT sheets, CNT or graphene foam28.
Among the others, the latest (CNT or graphene foam) possesses the highest porosity
and accessibility from all sides. 3D macroporous scaffolds with foam architecture are
widely used as bone replacement grafts as well29.
Figure 1.2: Schematic of cell adhesion on scaffolds with foam (a) and aero-
graphite (b) architecture, illustrating the cell adhesion difference on the filaments
of CNT/graphene foam and aerograohite microstructure. Due to the small surface
of one single filament for cell adhesion and the short distance between two neigh-
boring filaments, a cell for a stable attachment, adheres to more than one filament
of aerographite. Thus, the cells seem to bridge the filaments while adhering to aero-
graphite.
This 3D macroporous architecture consists of interconnected pores and uniform
solid parts. In this work, super porous microstructures, made of micro-tetrapods
with framework architecture, were used. The microstructures presented here (e.g.
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aerographite) have a large free space (up to 99.99% of scaffold) that exist between
the micro-tetrapods. The spatial arrangement of carbon micro-tubes provides large
interstitial space where the cells are supposed to be accommodated. Figure (1.2)
schematically compares cell adhesion on scaffolds with foam or aerographite architec-
ture, suggesting that cells adhere to foam scaffolds by spreading over the substrate,
whereas the cells span between the aerographite filaments.
CNT and graphene as the most well-known CBNs due to their unique features,
such as high physical aspect ratios and electrical conductivity. Both have attracted
significant attention in tissue engineering30–32. As it was discussed earlier, the bio-
compatibility of CBNs and CBNs containing scaffolds is an important requirement
for their application in the field of tissue engineering. The biocompatibility of CNTs
depends on different parameters such as their degree of purification and the synthetic
method33. Although the biocompatibility of CNTs has been confirmed34, the cytotox-
icity of CNTs is still a concern35. On the contrary, Graphene has been reported to be
biocompatible and is readily applicable for tissue engineering applications32. There-
fore, the biocompatibility and cell responses of incorporated or self-standing CNT and
graphene scaffolds with novel microarchitecture are investigated in this thesis.
The bioactive characteristics of a scaffold is a key property for enhancing bone
regeneration36. Bioactive ceramics such as HA and BG are commonly used mate-
rials in the field of bone tissue engineering37,38. In principle, the bioactivity of this
type of ceramics is based on the formation of a hydroxycarbonate apatite layer at the
ceramic-bone interface upon interaction of calcium phosphate contents39. In case of
inherently non-bioactive materials, different strategies, such as electrophoresis40,41, en-
trapment42, adsorption43, Longmuir-Blodgett44,45, layer-by-layer46,47, and convective
self-assembly48,49 can be potentially used to incorporate bioactive ceramic nanopar-
ticles for promoting their bioactivity. The capability of electrophoretic deposition
(EPD) in coating the complex shapes with no requirement for binder has led to distin-
guished applications of EPD in the biomedical field40,50. EPD has been implemented
for the deposition of a wide range of nanoparticles of almost any material class in-
cluding ceramics40,51, polymers41,52,53, carbon-based materials50,54–57, metals58–60, and
glasses52,61, specifically bioactive ceramics such as HA and BG40. The thickness and
morphology of HAn or BGN deposited film on a conductive substrate can be easily
modified through parameter adjustment of the process41. In addition, EPD offers pos-
sibilities to coat fibers and porous substrates with bioactive ceramic nanoparticles. For
instance, Zhitomirsky demonstrated the HAn-decorated carbon fibers using an EPD
process62. Employing EPD to coat rapid prototyped 3D Ti6Al4V scaffolds63 and 3D
porous bioglass-scaffold with carbon nanotubes64 resulted in inhomogeneous distribu-
tion of deposited ceramic nanoparticles throughout the scaffolds. Such inhomogeneities
in particle deposition has led to thicker coatings on the outer surface of the scaffolds,
which limits the applications of EPD for coating 3D scaffolds63,64. Therefore, more
precise information of deposition phenomena during the EPD process, are needed for a
full and quantitative fundamental understanding of mechanisms to optimize the EPD
working parameters in order to broaden the application of EPD in coating 3D scaf-
folds. Thus, in regard to this thesis the HAn deposition was monitored by observation
of fluorescently labeled HAn during the deposition process. In addition, the distribu-
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tion of HAn on the AG scaffolds was investigated in 3D using X-ray microcomputed
tomography (µCT).
Chapter2
Basics
2.1 Tissue engineering
2.1.1 Principles of Tissue engineering
Initially, regenerative medicine was defined in the field of health science to describe
the restoration and regeneration of damaged or diseased human tissue by natural hu-
man substances such as cells, genes or proteins and biomaterials65,66. The regeneration
process can occur in vivo or ex vivo through cell seeding on artificial scaffold materials,
with the addition of growth factors or combinations of them66. Over the past few years,
reconstruction and implantation of various tissues and organs such as bioengineered
vessels67,68, functioning heart69 and kidney70,71 have been reported. Tissue engineering
and newly emerging regenrative medicine field are often used interchangeably, though
some experts argue that they represent different conceptual entities72. For instance,
tissue engineering is restricted to the use scaffolding materials for the promotion of cell
and tissue growth, while regenerative medicine includes the transplant of genetically
modified cells without the specific need for scaffolds73. Hence, tissue engineering can
be categorized as a subbranch in the field of regenerative medicine.
Tissue engineering is an interdisciplinary field that bridges life science and engineer-
ing. This field implements engineering principles and methods to regenerate function
and structure of mammalian tissues while also providing the chance for a deeper fun-
damental understanding of biological systems74. Tissue engineering aims to overcome
the limitations of conventional biomaterial or organ transplantation therapies, via the
regeneration of entire biological components of a tissue outside the body for even-
tual transplantion. In order to guide cell ingrowth into a three-dimensional matrix
or scaffold, new and functional tissues are fabricated. In some trials, decellularized
vital organs with preserved natural architecture are implemented to be associated with
cells before or after implantation75. Conceptually, in the field of tissue engineering the
necessary cells are introduced into the artificial scaffold to replace the injured tissue.
Therefore, the artificial scaffolds should be developed by mimicking the natural archi-
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tecture and composition of tissue for optimized cell accommodation. Moreover, tissue
engineering offers the opportunity to develop and design a functional three-dimensional
tissue65.
2.1.2 Graft and scaffold materials
The tissue engineering field requires vast knowledge of materials science and chem-
ical engineering to develop desirable scaffolds with the essential features of engineered
tissue. Crucially, the materials need to be compatible with biological environments (see
section 2.5) as they interact directly with living cells. The compatible scaffolds can be
natural or synthetic materials, which are permanent or degradable. The cell-scaffold
interface has significant impact on cellular activities, which has to be considered and
optimized at the molecular level for scaffold designing. Biological signaling should be
involved in the materials development. Incorporating growth factors, specific adhesion
sites, or releasing specific ions can be mentioned as some important examples76.
Broadly speaking, the new generation of synthesized biomaterials for tissue engi-
neering purposes are highly specialized in structure and composition with regard to
the targeted tissue or organ77. For instance, natural and synthesized polymers are
currently used widely as biomaterials with a direct contact to the cells and biologi-
cal systems78. In addition, biodegradability and tunable features of polymers, have
attracted considerable interest for imitating analogs for ECM replacement. Neverthe-
less, other materials such as bioactive ceramics79 and carbon-based materials7,10 have
overcome the limitations of polymers e.g. being neither electrically conductive nor
bioactive. Bioactive ceramics such as three-calcium phosphate, hydroxyapatite, bioac-
tive glass and glass-ceramics (see section 2.4) with certain compositions of silicate and
phosphate enhance the hard tissue and in some cases soft tissue restoration via reac-
tion with physiological fluid and increase of cellular activity80,81. In addition, carbon
based materials, due to their very specific nature, can be used as conductive matrices
with the great potential to bond covalently or non-covalently with a wide range of
molecules82. In this dissertation, a variety of carbon-based scaffolds with unique ar-
chitecture and tunable features for tissue engineering purposes are presented. Figure
(1.1) illustrates the schematic of the here implemented modular design strategy to
generate biofunctional composites from aerographite, carbon nanotube, graphene and
bioactive ceramic nanoparticles via implementation and combination of infiltration19,
chemical vapor deposition83 and electrophoretic deposition methods.
2.1.3 Cells in tissue engineering
Cells as basic building blocks in tissue inevitably play a key role in tissue engi-
neering. Cells are composed of a variety of components84. What follows is a very
brief account of the cell cytoskeleton, nucleus and adhesion molecules, which will be
highlighted in this dissertation.
The cytoskeleton is an important part of cells, that orients cell division, controls
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cells movement individually or as a part of a cell sheet, and defines the shape of
cells as an essential aspect of their function. The cytoskeleton mainly consists of
microfilaments, microtubules and intermediate filaments. Microfilaments are polymers
made of actin, which have different gene products such as α actin in muscle and β/γ
actin in non-muscle cells. Microfilaments are associated with stress fibers, which exert
traction on their substratum.
The nucleus is an organelle that controls the life of a cell. It contains the majority
of genes, that are located in the nuclear chromosomes. A gene is organized as a
sequence of DNA that codes for proteins and non-translated RNA.
Adhesion molecules are primarily located in the cell membrane as transmem-
brane molecules to interact with other cells or ECM components. Among all the cell
adhesion molecules, integrin contributes in cell adhesion to the ECM and cadherin to
cell to cell adhesion. Integrins are glycoproteins that are made of α and β subunit
chains. The actin fibers are bound to cytoplasmic domains of the integrins through
adhesion cluster85. The adhesion cluster forms upon initial clustering of integrin and
the accumulation of secondary proteins such as talin, vinculin, and α-actinin86. In
this work, the actin fibers and the adhesion clusters were investigated via fluorescent
staining in order to study cell adhesion on the presented scaffolds.
Figure 2.1: Schematic of a eukaryotic cell structure. The visualized actin stress
fibers are necessary to determine the cell shape and movements as well as the me-
chanical supports. The cytoskeleton of the cell connects to the ECM through the
adhesion clusters which are large dynamic protein clusters on the cell membrane.
Mechanosensing and transmission of the mechanical tension occurs through the con-
nection of adhesion clusters and stress fibers. In this thesis, the adhesion cluster,
actin fibers and nucleus of the cells were studied via fluorescent labeling.
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2.2 Extra cellular matrix (ECM)
2.2.1 Role and importance
The ECM as a heterogeneous non-cellular compartment of tissues, maintains the
structure of tissues and organs. Mostly the ECM has a fibrous structure with large
inerstitial spaces to accomodate the cells87. Basically, ECM is a connective network
which provides mechanical stability and biochemical cues for tissue morphogenesis
and formation. Hence, the physical, mechanical and biochemical properties of tissues
are defined by characteristics of the ECM. For instance, the stiffness as well as the
elasticity of a tissue is dictated by physical and biochemical characteristics of ECM88.
Moreover, biochemistry and mechanical properties of ECM regulate the cell function
and motility by interacting with cytoskeletal networks89. The ECM is dynamically
remodeled as cells deposit or reassemble ECM during tissue development. For that
reason each tissue possesses ECMs with different features and specification.
2.2.2 Molecular component, structure and features
ECM possesses a hierarchical structure made of protein fibers and glycosaminogly-
cans as water capacitors in gel form76.The twisting of three alpha chains, produces
triple helices, which creates the collagen fibrils that are the main constituent of the
ECM. Different types of collagen are incorporated in different tissues, for instance col-
lagen II in cartilage and collagen IV in basal lamina can found. Another important
constituent protein is elastin, which dictates the elasticity of a tissue. Fibronectin,
which consists of disulfide-bonded dimers, meditates cell adhesion by binding to inte-
grins on the surface of cells. However, since ECM possesses a hierarchical architecture,
it is implied that scaffolds with hierarchical architecture would have higher similarity
to ECM.
2.2.3 Cell adhesion to ECM
Extracellular matrix has large effects on cell behavior such as migration, differen-
tiation and most importantly adhesion90. Many of these events occur through ECM
receptors on the cells. Integrin as the main mediator of cell adhesion, interacts with
different ECM components, in particular, collagen, fibronectin and vitronectin. In-
tegrin clusters are aggregated at adhesion sites which are called focal adhesions91.
Integrins can also bind to bundles of cytoplasmic actin filaments via interaction with
the two skeletal proteins, talin and α-actin92. In addition, focal adhesions contain a
variety of components such as paxillin. Paxillin is a key component for integration and
processing of adhesion and adhesion-related signals. This component is activated by
engagement of integrins with ECM93. In order to detect and quantify the focal adhe-
sions with fluorescence microscopy, paxillin can be transfected with YFP chimaeras.
The YFP-paxillin transfected fibroblasts regularly have been used in this work.
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2.2.4 Cell lines
REF52 is a fibroblast derived from rat embryo. Fibroblasts are the most common
cells in connective tissues. They preserve the structural integrity of connective tissue
by secreting ECM precursors, and therefore play a key role in tissue development.
REF52 cells are isolated from 14 day old rat embryos94.
Saso-2 was originally derived from the primary osteosarcoma of an 11-year-old
Caucasian girl in 1973 by Fogh et al95. Later, scientists illustrated the osteoblastic
features of Saso-296 with the ability to fully differentiate to osteoblast cells. Saos-2 have
been widely used in in vitro assays, especially in the field of bone tissue engineering
to show the potential and feasibility of a scaffold as a bone substitute.
MCT3T-E1 is an osteoblast precursor derived from mouse calvaria. As a result of
their high alkaline phosphatase activity in the resting state and formation of calcified
bone tissue97, they have been used to study physiologically relevant systems.
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2.3 Carbon based materials and nanomaterials in
tissue engineering
2.3.1 Carbon based materials and scaffold features and their
impacts on cellular behavior
Due to their unique chemical and physical properties such as electrical conductivity,
optical properties and thermal and chemical stability, CBN have attracted extensive
attention in various fields. Due to the multifunctional nature of CBNs, several areas
of biomedical engineering use them as implants either individually or in composites in
order to enhance biomaterial properties and function7. A growing body of literature
has shown a great potential for fabrication of artificial scaffolds with similar chemical
and physical features as ECM through using CBNs98. What follow is an account of
the most prominent carbon based biomaterials which were used in this work as well.
Carbon nanotube (CNT): Despite the controversial emerging history of CNTs99,
their extraordinary properties are clearly disclosed to many of researchers. The secret
behind the remarkable thermal and electrical conductivity as well as the mechanical
and optical properties of CNTs is the chemical binding of nanotubes. The binding
is mediated by sp2-hybrid carbon atoms, as is the case in graphene100. As for the
number of rolled-up graphene sheets, they fall under the two different categories of
single-walled and multi-walled carbon nanotubes. Additionally, the CNTs electrical
conductivity provides a chance to carry out electrical stimulation on artificial scaffolds.
Furthermore, the most interesting feature of CNTs for tissue engineering is the scale
of their dimensions. The flexible fiber-shaped CNTs with a great tensile strength are
considered a physical analogue to ECM components such as collagen fibers101.
Graphene: With their discovery of graphene as the thinnest material with us-
able properties, Geim and co-workers received the Nobel Prize in Physics in 2004.
Graphene consists of a single layer of sp2 carbon atoms as a two-dimensional sheet
that can be considered as a basic structural element of other carbon allotropes such
as CNT, graphite and fullerenes102. Graphene owes its unique mechanical, physio-
chemical, thermal, optical and biomedical properties to a specific atomic arrangement.
Strong carbon-carbon bonds in a hexagonal lattice can explain its mechanical features,
and the presence of free pi electrons and reactive sites for surface reactions, its phys-
iochemical properties9. Due to the surface properties of graphene, it has been shown
that strong interactions with biomolecules can develop. Therefore, graphene has con-
tributed to the implementation of many biomedical applications32.
Aerographite (AG): When it comes to the lightest structural materials with su-
per elastic deformability, aerographite shines brightest among all black carbon-based
materials. In 2012, a team of researchers at the University of Kiel and the Technical
University of Hamburg reported on areographite as a porous interconnected network
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of graphitic microtubes83 Figure (2.2). The AG network consists of micron-scale car-
bon tubes with wall thickness of about 15 nm. Similar to CNT and graphene, carbon
bonding in AG has a sp2 character as well. However, highly porous 3D interconnected
networks can be considered as the greatest distinguishing feature of AG in compar-
ison to other carbon-based materials in the fabricating of ECM-mimicking artificial
scaffolds.
The AG synthesis process is based on zinc oxide reduction to zinc, graphite deposi-
tion and simultaneous zinc evaporation via a chemical vapor deposition process. The
sacrificial ZnO template consists of micron-size tetrapods or often multipods6. How-
ever, AG inherits the pristine shape of sacrificial ZnO tetrapods without any adverse
changes. The unique ZnO micro structure provides the physical cues for imitation of
the ECM architecture as a scaffold.
Figure 2.2: Scanning electron microscope images and schematic of aerographite
network, showing the arrangement of graphitic micro tetrapods next to each other,
which forms a framework with vast free space in between of tetrapods.
Chemical vapor deposition (CVD) is the most popular technique for CBN
fabrication. CVD is a versatile process to fabricate broad range of carbon-based pow-
ders, coatings, components, fibers etc.103. Deposition of a solid phase derived from
decomposition or reaction of a vapor phase or precursors onto a heated surface might
be a proper definition for CVD. Many interactions, namely thermal decomposition,
reduction, hydrolysis, and carburization are involved in the CVD technique. Despite
the disciplinary thermodynamic fundamental of CVD, most of CVD processes have
a simple operation, which can be readily optimized experimentally. However, the se-
quence of events in CVD is initiated by diffusion of the reactant through the boundary
layers and subsequent contact with a surface. Then, the gaseous by-products of the
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deposition reactions are carried away from the reactive surface via an inert gas104.
CVD processes fall into different categories based on the purpose of use and the type
of chemical reactions that are taking place105. Aerographite, CNT and graphene are
mainly fabricated by a thermal CVD or catalytic CVD. In this type of CVD, CNT and
graphene fabrication occurs through deposition of thermally decomposed hydrocarbon
elements in the presence of metal catalysts. Thermal-decomposition and hydrogen
reduction are the most prominent interactions in thermal CVD. The molecules of the
introduced precursor gas are decomposed to elementary molecules. For instance the
following reaction is one typical examples of hydrocarbon decomposition103
CH4(g)→ C(s) + 2H2(g) (2.1)
This can become even more complex in case of toluene106:
C6H5CH3 → C6H5CH2 +H (2.2)
C6H5CH3 → C6H5 + CH3 (2.3)
Hydrogen reduction is the other important and widely used chemical reaction that
takes place in a CVD reactor. Reaction at lower temperature in comparison to equiva-
lent decomposition reactions is the major advantage of this reaction. In the presence of
hydrogen the metal oxides are reduced to metal elements, which are normally volatile
in the decomposition reaction.
Hydrocarbon decomposition and reduction interactions are the key reactions in the
aerographite fabrication process. ZnO micro-tetrapods serve as the sacrificial template.
ZnO is reduced to Zn, which due to the high temperature of the reactor is volatile and
thus evaporates. The evaporated gaseous Zn is removed from the chamber with other
by-product gases through an exhaust outlet. Simultaneously, the carbon molecules
from the toluene decomposition are replaced by reduced ZnO (Figure 2.3).
2.3.2 Carbon-based nanomaterials functionalization
The biomedical application of CBNs is hampered by their physicochemical proper-
ties107. The highly hydrophobic nature of CNTs and bound functional groups108 limit
their solubility and, in the worse cases, elicit cytotoxic effects of CBTs through cellular
damages109. The surface modification of CNTs can increase their solubility in aque-
ous solutions or relevant biological serums and solvents, leading to an improvement of
their biocompatibility107,108. In this regard, various modification methods have been
presented that can be in general categorized as covalent and non-covalent functional-
izations.
Covalent functionalization: Solubility of CBNs can be achieved via the intro-
duction of reactive species by covalent functionalization, mainly through acid oxida-
tion110 or cycloaddition111. Although the introduction of functional groups on CBNs
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Figure 2.3: Schematic of aerographite evolution via a CVD process. The conversion
process occurs in a tube furnace while a mixture of argon, hydrogen and toluene gases
are purged into the reactor. Initially the ZnO conversion starts as small ribbons and
grows along the ZnO filaments. The schematic illustrates that the conversion that
takes place via ZnO reduction and simultaneous replacement by carbon atoms.
surfaces enhances their biocompatibility, such treatments alters the surface composi-
tion of CBNs.
Non-covalent functionalization: To avoid any alteration in the CBNs surface
composition, various molecules can be introduced to their surface through weak and
non-covalent interactions including pi-pi stacking, van der Waals or electrostatic inter-
actions108. Noncovalent functionalization offers several advantages such as low cost,
being quickness, efficacy, and the potential to include pharmaceutical products82.
In order to disperse the CBNs, various amphiphilic molecules such as surfactants,
synthetic or natural polymers, proteins and poly(ethylene glycol)(PEG)-compositions
have been introduced112. Basically, amphiphilic molecules like surfactants or PEG
compositions consist of a hydrophobic region where the surfactant physically via pi-
pi stacking, van der Waals or electrostatic interactions is adsorbed to the surface of
CBNs, and a hydrophilic region contributes to immerse in aqueous media113.
PEG phospholipid is used as an amphipilic molecule to functionalize the CBNs non-
covalently114. PEG lipids can densely coat the surface of nanomaterials, enhancing
their water solubility115. This lipid binds to CBNs via van der Waals interaction114,
while the hydrophilic regions provide the solubility. In addition, amine-terminated
PEG lipid can be conjugated to biologically relevant molecules116 where the hydrophilic
branches of PEG lipid improve CBNs solubility and the biological molecules enhance
the biocompatibility of CBNs. Figure 2.4 illustrates a schematic of PEG lipids and
their binding to CNTs. In this thesis to use AG as a scaffold for cell growth purposes,
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PEG lipids were employed to overcome the super hydrophobic nature of AG. In addi-
tion, to promote cell adhesion and cell proliferation, cRGD peptides were coupled to
PEG conjugated phospholipids as well.
Figure 2.4: Schematic of PEG lipid, illustrating the hydrophilic and hydrophobic
regions of PEG molecules. The PEG lipid adheres to hydrophobic substrates (e.g.
CNT or graphene) through its hydrophobic regions.
2.3.3 Protein adsorption by CBN
Most of the scaffolds for tissue engineering purposes react and stabilize the blood
clots, promoting the ECM organization that allows the cell ingrowth from neighboring
tissue. In principle, achieving this biological reaction requires a favorable microen-
vironment for cell adhesion and proliferation. Generally, the synthesized scaffolds
do not possess all the complex ECM features. Therefore, most strategies are aimed
at guiding the adhesive protein such as fibronectin, fibrinogen or vitronectin as an
initial mediating layer between the scaffolds and cells during implantation117,118. Clin-
ically useful adherent proteins such as fibronectin play a crucial role in the adhesion
process of different types of cells119 as well as wound contraction. The V-region of
fragmented fironectin contains specific sites for α4β1 integrin expressing a receptor
for fibronectin’s RGD cell-binding domain, which provides a framework for cell adhe-
sion120, which is located in cell adhesion clusters (Figure 2.1). In addition, other types
of adherent proteins like vitronectin are abundantly found in the ECM. Vitronectin
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Figure 2.5: Schematic of protein and DNA adsorption on CNTs, showing the non-
covalent interaction of protein molecules and DNA with CNT’s surface. Protein
molecule retention on the surface is governed by pi-pi stacking. DNA molecules are
immobilized by being wrapped around the CNTs. Figure is modified from Vardhara-
jula et al107.
contains RGD sequences that promote cell adhesion via αvβ3 integrin121. However,
other types of adherent proteins such as albumin that do not contribute in cell adhe-
sion should be considered as well. Albumin is the most abundant blood plasma serum
protein. Albumin as a model adhesive protein has extensively been used to check
the protein adsorption capacity of biomaterials122. Here in this thesis, using bovine
serum albumin, the protein adsorption capacity of fabricated carbon-based scaffolds
was determined.
An understanding of the CBNs interaction with proteins is crucial in the develop-
ment of artificial organs. It is believed that protein adsorption occurs at the earliest
stage when a biomaterial is implanted. The initially-adsorbed proteins in general
are considered a surface modification, influencing cell adhesion and interactions. In
addition, cellular interaction with CBNs is highly effected by the CBNs’ surface prop-
erties123. Therefore, the surface properties of CBNs have a significant impact on cell
interactions and in vivo performance of implants. In principle, the protein adsorp-
tion phenomena on carbon-based materials occurs through a variety of mechanisms
such as pi-pi stacking interaction, noncovalent bonding107. Beside the van der Waals
attraction, CBNs noncovalently interact with various biomolecules via hydrophobic,
electrostatic and hydrogen-bonding interactions124. For instance, graphene and CNTs
interact with aromatic residues of proteins via pi-pi stacking107,125. The capability of
CBNs (e.g. graphene, CNT) to readily interact with proteins, contributes to them be-
ing functionalized with different biomolecules such as proteins and DNA (Figure 2.5).
The protein functionalization of CBNs with fibronectin and bovine serum albumin
(BSA) increases the cellular interaction126,127.
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2.4 Bioactivation of CBNs using nanoparticles
2.4.1 Bone tissue engineering
Bone as a dynamic tissue provides structural support for the body, protection of
vital organs, environment for blood-forming system (marrow) and serves as reservoir
of minerals and growth factors128. Bones are composed of two types of cortical (hard
outer layer) and trabecular (spongy interior layer) tissues129. The trabecular bone
consists of highly porous and rod-like network (Figure2.6), leading to a tissue with
a lower density and higher flexibility than cortical bone130. The open sections of
trabecular bone are filled with marrow and blood vessels mainly131. The non-mineral
matrix of collagen protein forms the soft framework of bones. This is hardened by
an inorganic crystal complex of calcium phosphate (hydroxyapatite) deposited within
the matrix, which provides the strength and rigidity of the tissue130. Furthermore,
the bone tissue consists of bone forming cells (i.e. osteoblasts and osteocytes) and
resorbing cells (i.e. osteoclasts), which preserve it as a dynamic tissue132.
Figure 2.6: Schematic of bone tissue, showing hierarchical microstructure of tra-
beculae tissue. Figure is reproduced from Whitehouse et al133 and a figure Authored
by: OpenStax College, licensed under CC-BY 4.0.
Bone naturally has piezoelectric properties134. This results in an internal electri-
cal field in response to strains, which influences cell proliferation in bone tissue135.
This principle has been explored to expedite the bone regeneration by applying elec-
trical stimuli136. It has been shown electrical stimulation has a significant progressive
impact on osteoblastic activities such as proliferation137, adhesion137,138, and nodul for-
mation138,139. Therefore, electrical conductivity of scaffolds can be the key parameter
for transporting the electrical stimulation140.
Large orthopedic defects can be reconstructed by traditional biological methods
such as allografting or autografting spongy bone, or implanting bone cements141.
Bone tissue engineering potentially provides an alternative bone reconstruction method
without the limitations of the traditional methods e.g. risk of disease or infection132.
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The tissue-engineered scaffolds act as a matrix or carrier for bone forming and re-
sorbing cells142,143. In addition, the scaffolds induce the bone formation and support
the cell ingrowth from surrounding environment143. The ideal synthetic scaffold must
be capable of presenting morphogenetic signals as well as a suitable matrix to ac-
commodate bone cells. In principle, the ECM-mimetic scaffolds promote osteoblast
proliferation and osteoblastic activity144. The fibrous microstructure of scaffolds based
on sacrificial ZnO microtetrapods, highly mimics the filamentous microarchitecture of
trabecular bone. Therefore, these scaffolds with a proper biofunctionalization can be
potentially used for bone tissue engineering purposes.
Bioactivity is a critical issue for the application of biomaterials in the field of bone
tissue engineering. In principle, bioactive materials are capable of eliciting specific
biological responses from the living tissue and cells such as bone-like hydroxyapatite
(HA) formation. Biomineralized HA on the surface of the bioactive material promotes
osteoblast activity145. In case of inherently non-bioactive materials, different strate-
gies, such as surface composition modification, have been presented146. Generally,
unmodified CBNs hardly show bioactive behavior in a biological environment7. In
order to avoid any composition change in the CBNs surface, it is possible to incor-
porate bioactive nanoparticles onto the surface of the CBNs. HA and BG are known
as highly promising bioactive materials in bone tissue engineering147. Incorporation
of HAn and BGN enhance the biomineralization148 and osteoblast activities includ-
ing proliferation149, adhesion150, and bone formation marker151, hence leveraging the
bone formation capacity in the scaffold. In principle, this attributes to the specific
composition of HA and BG150.
Hydroxyapatite with a nominal composition of Ca10(PO4)6(OH)2 being similar
to the composition of bone tissue, HA has a broad range of application in the field
of biomaterials and bone tissue engineering152. The high concentrations of Ca, P
and Na ions on the surface of implanted-HA leads to intracellular and extracellular
responses153.
Bioactive glass with nominal composition of 70SiO2-30CaO, in particular sili-
cate glass, is decisive for the formation of a bone-like calcium phosphate layer on the
material which leads to strong bonds between the BG and bone or soft tissue. In
case of incorporated Calcium oxide (CaO) BGs, the reactions on the surface of the
BG increases the critical concentration of Ca and P ions, which in turn promotes the
biomineralisation and bone formation154.
2.4.2 Electrophoretic deposition
EPD as one of the most prominent and simple colloidal dispersion based techniques
has been gaining interest in a wide range of applications to provide uniform ceramic
nanoparticle coatings on surfaces155. In principle, EPD is the deposition of charged
ceramic nanoparticles on the surface of an conductive electrode156. This is achieved
by the introduction of an electric field into a dispersion of these nanoparticles via elec-
trodes. Under the influence of the electric field, the charged nanoparticles move toward
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the oppositely charged electrode where they are deposited as a dense and homogeneous
coating layer on a flat surface. Depending on the nanoparticle surface charge, the de-
position occurs at the anode electrode (negatively charged particles, anodic EPD) or
cathode (positively charged particles, cathodic EPD). EPD offers nanoparticle deposi-
tion on complex shapes and surfaces and they can even be incorporated into a porous
substrate157. In order to coat the geometrically complex shape of AG filaments, EPD
was applied in this work. The porous structure of AG serves as an electrode during
HAn deposition Figure (2.7). However, coating 3D porous structures via EPD pro-
cesses still remains challenging158,159. It has been shown that the HAn deposition on
3D porous scaffolds mostly takes place on the outer surface of the scaffolds160, which
consequently leads to blockage of the pores. Therefore, avoiding a blocking of the
outer pores by clustered HAn, it is necessary to study the kinetics of HAn deposition
on 3D scaffold during EPD process.
Figure 2.7: Schematic of EPD process, illustrating the simple EPD cell for coating
cylindrically shaped scaffolds. The EPD cell is connected to a power supplier pro-
viding the electrical potential for nanoparticle motion and electrodes, which serves
as substrate for particle deposition. In addition, the schematic of HA nanoparticle
deposition onto AG is presented. The schematic shows that the central area of the
sample is partially covered with HAn, whereas the peripheral area of the sample is
covered with a dense layer of HAn. This blocks the peripheral pores, leading to an
agglomeration of HAn on the peripheral area of AG.
2.4 Bioactivation of CBNs using nanoparticles 21
In principle, the effective parameters of EPD are categorized into two groups of
suspension- or process-related parameters such as electrodes or electrical conditions
(e.g. deposition time, voltage, intensity). The parameters related to the suspension,
such as particle size, dielectric constant of solution, conductivity of suspension, viscos-
ity of suspension, concentration of ceramic nanoparticles in suspension, zeta potential
and stability of suspension determine the weight and quality of the deposition. In ad-
dition, the parameters related to the process such as deposition time, applied voltage
and conductivity of substrate define the weight and quality of the deposition161. Many
attempts have been done to correlate the amount of deposited nanoparticles to differ-
ent influencing parameters. For instance, Ishihara et al. have shown that the weight
of deposited particles per unit area of the electrode is determined by the following
equation:
W ∝ C.ξ.
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Where C is the particle mass concentration in the suspension, ξ is the zeta potential,
η is the viscosity of the solvent, E is the applied potential, L is the distance between
the electrodes and t is the time of deposition162. The aforementioned equation sug-
gests that weight deposition of particles is highly effected by the stated parameters.
Therefore, here in this thesis the mentioned parameters are considered as the main
ones. In order to focus on the monitoring EPD and the phenomena occurring during
the process, the number of variables was lowered by fixing the suspension and process
specifications according to the best of literature. All the parameters except the con-
centration of particles (C ) and time of deposition (t) were fixed. In particular, Ethanol
as a solvent with viscosity of (1.09 (cP)) and relative dielectric constant of (24.55)163,
the HA nanoparticles with average diameter of 200 nm, and electrical potential of 10
V were employed for all the experiments.
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2.5 Biocompatibility of CBNs and cellular activities
The emergence of a variety of biomaterials as implantable medical devices in tissue
engineering in the past decades has risen questions regarding the level of their safety
and compatibility in biological environments. In principle, a wide range of interactive
behaviors between the living unit and the materials occur. The interaction between
non-living and living systems evokes either a host response, which can be a local or
systemic, or a material response toward the biological process72. As a reputable defini-
tion, the materials that elicit minimal biological response and display good behavior in
contact with tissue or body fluid are called biocompatible66. In other words, biocom-
patibility refers to the ability of a material to evoke an appropriate host response123.
Based on the host response, the biocompatible implant materials are categorized in
to four types: 1. With little or no host response (inert materials), 2. With specific
and beneficial host and cellular response (Interactive materials), 3. With the ability to
attract or incorporate cells, where they are treated as normal tissue matrices (Viable
materials), 4. Originated from native tissue (Replant materials)164. Carbon-based
nanomaterials are normally considered as inert materials7. With expansion of the
application of materials in the tissue engineering and biomedical field and with the
introduction of novel biomaterials, new paradigms have been emerged165. Particularly
in the field of tissue engineering, material is replaced by matrix and patient by cell 164.
Thus, in this thesis, except for toxicology and proliferation studies, the material-cell
interactions are studied.
2.5.1 Cytotoxicity
Cytotoxic components and materials are some of the most critical and effective
parameters in the disruption of the biocompatibility of biomaterials. Depending on
the toxicity level of exposed materials or components, cells respond differently. In case
of lethal components, the cells undergo necrosis by loosing their membrane integrity.
In the case of slightly lethal materials, cell proliferation may be stopped, which leads
to apoptosis or autophagy166. However, nanomaterials can cause necrosis in a number
of different ways167. In general, nanomaterials damage the cells physically due to
their small size, specific shapes, and large surface area. For instance, many studies
have shown the cytotoxic behavior of CNTs toward the cells, inducing oxidative stress
and necrosis and inhibition of cell proliferation35. Due to the specific dimension of
CNTs, they easily penetrate the cell membrane or even the centrosome. Thereby,
CNTs physically interfere with cellular and extracellular constituents168, leading to
cellular injury and in severe cases to cell necrosis. It has been exhibited that well-
dispersed CNTs can cause higher toxicity than agglomerated CNTs169. This is in
agreement with the hereby presented results from CNT containing scaffolds, which
show almost no cytotoxicity in the case of the entangled CNT microstructure. It can
be speculated that the non-toxic behavior of CNT-incorporating scaffolds is attributed
to the entanglement of the CNTs which limits the mobility of the CNTs.
Another proposed cytotoxicity mechanism relevant here is based on the effect of
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released ion from the implanted materials to the cellular system. Specifically, it has
been shown that small quantities of Zn ions (above 40 µg ml-1) are strongly toxic. Pa-
pavlassopoulos et al. have demonstrated the toxic potential of ZnO nanoparticles and
ZnO nano- and micro tetrapods on human dermal fibroblasts, where ZnO nanopar-
ticles and ZnO tetrapods showed cytotoxic behavior above 15 µg ml-1 and 0.05 mg
ml-1, respectively170. Although it has been indicated that ZnO tetrapods are much
more biocompatible compared to spherical ZnO nanoparticles, the cytotoxic effect of
ZnO tetrapods should still not be ignored. Regarding this fact, in this work, the
preliminary cytoctoxicity tests on AG have shown toxicity towards REF52 cells. In
principle graphite is considered as an inert material. Thus, in order to understand the
origin of the toxic effect, the amount of released ions from AG samples into the culture
medium was measured every 3 days. Interestingly, the results indicated a high concen-
tration of Zn ions in the medium during the first days of immersion as seen in Figure
(Appendix-A.1). Continuing the immersion of AG in the medium, the concentration
of released-Zn ions as well as the cytotoxic effect of AG drastically decreased to almost
zero (Figure Appendix-A.1). This can be attributed to possible residual ZnO from the
AG process (see section 2.3.1) which is released and removed from the AG’s structure
by immersion in culture medium. These results suggest a necessary pre-washing step
prior to the use of AG in in vitro studies.
2.5.2 Proliferation
Cell proliferation is a process that increases the number of cells and replenish lost
cells governed by the cell cycle. The cell cycle (division of cells, giving rise to two
daughter cells) is crucial for the development and survival of cells and consequently
keeps the balance between the dead and functional cells of a tissue. Determining the
proliferation behavior of cells on a material, contributes to a better understanding on
the biocompatibility of that material. For instance, interactive materials are designed
to elicit specific cell responses, such as specific cell adhesion on the material, leading
to an increase in cell growth. In comparison, cells show standard growth rates on inert
materials. Thus, studying cell proliferation behavior reveals the biocompatibility level
of a material which the cells are exposed to. In this work, in order to determine the ca-
pacity of the scaffolds to accommodate cells and support cell growth, cell proliferation
on the fabricated carbon-based scaffolds was studied.
2.5.3 Colorimetric assays and reactions with CBNs
The biocompatibility of a material is extremely dependent on the cells’ proliferation,
interactions and enzymatic activities. Hence, many assay methods such as colorimetric,
flow cytometry or high content imaging have been developed to estimate the number of
viable cells on a sample. Among all these commonly used assays, colorimetric assays
are widely used to quantify a variety of biological events including the number of
viable cells, protein contents, enzyme activities or organelle functions. In principle, a
colorimetric assay is based on changing a reagent to colored or fluorescent products
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as a marker that can be detected and measured by a spectrophotometer or microplate
reader171. In this study, the number of viable cells was measured via tetrazolium-
based metabolic assays. In addition, the protein and the alkaline phosphatase enzyme
concentration were calculated via bicinchoninic acid assay (BCA assay) and para-
Nitrophenylphosphate (pNPP), respectively.
Metabolic assays
MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay : MTT
is a sensitive and reliable tetrazolium-based metabolic assay for the indication of the
population of dividing cells. MTT is a yellow color water soluble dye that undergoes
a measurable color change via tetrazolium reduction in the mitochondrial activity to
a purple color formazan crystal172. Thus, the quantity of formazan crystals is propor-
tional to the number of viable cells. MTT tetrazolium reduction as the first developed
cell viability assay for 96-well format has been used extensively to generate prolifera-
tive and toxicity profiles of CBNs167. In this thesis, MTT tetrazolium reduction assay
based on a detailed ISO (ISO 10993-12:2012) protocol was used to determine the tox-
icity profile of fabricated scaffolds. However,the positively charged MTT tetrazolium
compound might interact with ECM components171. Therefore, in this work for con-
firming the MTT results and determining the proliferation profile, other categories
of tetrazolium compounds which are negatively charged (WST-1) were considered as
well.
The application of tetrazolium assays in determining the cytotoxicity of CBNs is ham-
pered by the interaction of insoluble formazan with CBNs. As it has been described
by other studies, CNTs bind to insoluble MTT-formazan which leads to a stabilization
of the chemical structure of formazan173. This interference results in a false strong
cytotoxicity effect. Therefore, in this work, avoiding the possible interaction of CNTs
with MTT-fromazan, the cytotoxic effect of fabricated scaffolds was investigated via
an indirect test using the scaffold’s extractions.
WST-1 ((4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulf-
onate)) assay : WST-1 is an another type of metabolic assay based on negatively
charged tetrazolium molecules, which monitors the proliferation profile of mammalian
cells. In principle, WST-1 works similarly to the MTT assay by mitochondrical reduc-
tion of the WST-1 reagent into the water-soluble formazan product rather than the
water-insoluble product of the MTT reagent174.
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ABSTRACT: Aerographite (AG) is a novel carbon-based
material that exists as a self-supportive 3D network of
interconnected hollow microtubules. It can be synthesized in
a variety of architectures tailored by the growth conditions.
This ﬂexibility in creating structures presents interesting
bioengineering possibilities such as the generation of an
artiﬁcial extracellular matrix. Here we have explored the feasibility and potential of AG as a scaﬀold for 3D cell growth employing
cyclic RGD (cRGD) peptides coupled to poly(ethylene glycol) (PEG) conjugated phospholipids for surface functionalization to
promote speciﬁc adhesion of ﬁbroblast cells. Successful growth and invasion of the bulk material was followed over a period of 4
days.
KEYWORDS: aerographite, tissue engineering, 3D scaﬀold, cyclic RGD, ﬁbroblasts
Developing novel materials for tissue regeneration requiresthe consideration of principles of engineering and life
sciences. The natural extracellular matrix (ECM) provides a
network of intricate collagen ﬁbers that arrange in ﬁlaments of
2−20 μm thickness to support cells, and guide their growth as
well as their behavior.1 In order to imitate this topographical
environment naturally derived and synthetic materials have
been explored that are beginning to show notable progress.2−5
More recently, free-standing 3D scaﬀolds are increasingly
favored over 2D materials to more accurately mimic the
complex 3D cellular environment.4−7 Early work has shown
promising results using microﬁber constructs for organ
reconstruction8 and neuronal regeneration in animal models.9
The macroscopic geometry is a key element in providing
spatial organization for cell growth and appropriate nutritional
conditions. Supplying oxygen and nutrients as well as waste
removal by diﬀusion present growth constraints for cells in 3D.
Thus, a conducive environment for cell growth and
proliferation will be contingent on material porosity, pore
size and interconnectivity of pores that allow cell migration and
mass transport. The minimum pore size might be approximated
by the diameter of cells in suspension, which depends on the
cell type and varies broadly from 5 to 15 μm for ﬁbroblasts of
connective tissue up to 100−350 μm for bone.10
To mimic the ECM biochemically, cell-adhesive ligands,
which are presented by the natural ECM in the form of
ﬁbronectin, vitronectin, and laminin, have to be included in the
scaﬀold design.1 These ligands recruit cell surface receptors of
the integrin-family, which play an active role in biochemical and
mechanical signaling.11 A common motif of integrin-binding
sites in ﬁbronectin, vitronectin and laminin is the tripeptide
RGD of the L-amino acids arginin (R), glycine (G), and aspartic
acid (D). It is widely used in synthetic materials to promote
adhesion of a variety of cells.12−14
Ultralightweight aerographite15,16 (AG) inherently fulﬁlls the
geometrical requirements posed by natural ECM very well.
This novel material consists of a self-supporting highly porous
(>99.9% free volume) network of seamlessly interconnected
hollow graphite tubes with micrometer-scale diameters and
mechanical ﬂexibility (kPa modulus). Via surface functionaliza-
tion, various biochemical signals may be introduced to provide
appropriate conditions for 3D mammalian cell culture
applications. In this study we investigated the use of AG as a
scaﬀold for 3D cell growth for the ﬁrst time. We employed
cyclic RGD (cRGD) peptides coupled to poly(ethylene glycol)
(PEG) conjugated phospholipids to promote speciﬁc adhesion
of REF52 ﬁbroblast cells and followed cell growth and invasion
into the bulk material over a period of 4 days.
Conventional methods to fabricate 3D ﬁbrous matrices
include the decellularization of donor-derived matrices17 and
electrospinning methods.18 AG synthesis,15 in contrast, is a
one-step chemical vapor deposition (CVD) process. In brief,
ZnO templates (Figure 1A, top panel) are produced from a
loose powder of microsized ZnO tetra- and multipods that are
compressed and heated for 3h at 1200 °C.19 Under an argon
and hydrogen atmosphere with toluene as a carbon source the
templates are converted into AG at ∼760 °C. During
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deposition and formation of tubular graphitic carbon the
underlying ZnO network is reduced to elemental Zn and
removed entirely by the gas ﬂow, resulting in a black opaque
material (Figure 1A, bottom panel). An injection rate of 6
mL/h per g(ZnO) yielded sample densities of 1.0−1.2 mg/cm3
and a Young’s modulus of about 1 kPa.
Because the conversion process follows the template exactly,
the resultant scaﬀold exhibits the same architecture and
porosity. Hence, pore size and macroscopic shape of AG can
be freely tailored through manipulating the template. By
adjusting CVD parameters it is possible to tune ﬁlament
diameter, thickness and aspect ratio and yield elastic moduli
from 1 kPa up to several 100 kPa,15 which allows for a
multitude of bioengineering possibilities.20
AG scaﬀolds in this study exhibited pore sizes varying from
10 μm to about 100 μm and ﬁlaments with diameters between
0.5 and 3 μm (Figure 1B), which compares well with natural
ECM.1 Other carbon-based templates, such as graphene-
foams21 or graphene oxide scaﬀolds22 lack the ﬁbrous nature
and form much larger pores. Capillary force induced
restructuring of carbon nanotube-based networks, on the
other hand, leads to conﬁned cavities that are not accessible
from all sides,23 whereas AG provides interconnected pores that
aﬀord penetrability and accessibility of all surfaces. In addition,
the combination of ultralightweight and negligible volume
fraction may prove advantageous for cells. After initial
attachment to the scaﬀold, ECM producing cells may
restructure and remodel their environment according to their
adhesion needs through deposition of natural ECM. At the
same time the hierarchical architecture of AG is able to
withstand strong deformations making AG networks mechan-
ically ﬂexible.15
However, the application of AG in the biomedical ﬁeld is
initially hampered by its superhydrophobic nature (Figure 1C).
To overcome this barrier, noncovalent functionalization
schemes using amphiphilic molecules can be very attractive,
as they do not require elaborate chemical modiﬁcation that may
alter the surface composition. Moreover, as pharmaceutical
products often contain surfactants, a comprehensive library of
approved agents is already available. In this study, we tested
Figure 1. (A) White ZnO templates with a volume of 0.085 cm3 (top)
are converted into black AG (bottom) in a one step CVD process. The
ZnO is removed completely during formation of AG ﬁlaments. Scale
bar: 6 mm. (B) Scanning electron microscopy reveals the hierarchical
scaﬀold of interconnected hollow carbon microtubules. Scale bar: 50
μm. (C) AG is inherently super hydrophobic as demonstrated by
water forming a nearly perfect droplet on the surface of the black AG
disk, which is ﬁxed to a small Si-chip with double-sided adhesive tape.
(C) An aqueous solution of DSPE-PEG2000-NH2 is a well-suited
wetting agent and the Si-chip with the AG disk readily submerges in
the liquid.
Figure 2. PEG-lipid functionalized AG was subjected to supercritical point drying followed by deposition of a thin layer of gold. (A−C) Gradual
zoom-in reveals the adsorbed PEG-lipid molecules at high magniﬁcation. (D) A 4:1 mixture of amine terminated (top) and cyclic RGD peptide
(cRGD) functionalized PEG-lipids (bottom) was used to promote cell attachment by integrin-mediated binding to cRGD. (E) Gold-coated pristine
AG exhibits a smooth surface.
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diﬀerent agents (Supporting Information) including lipid−
poly(ethylene glycol) (PEG-lipid) to improve the immersion
properties of AG. In that regard the open mostly unconstrained
interconnected pore space in AG should facilitate wetting of all
surfaces within the bulk of the material. Amine terminated PEG
conjugated phospholipid (DSPE-PEG2000-NH2) yielded im-
mediate and complete immersion of AG at a surfactant
concentration of 1 mg/mL in distilled water (Figure 1C). PEG-
lipids are widely used in medical products24 and have been
shown to successfully disperse various carbon based materials in
aqueous media.25 The hydrophobic alkyl chains of the lipid part
adsorbs onto the strongly hydrophobic surface of the carbon
material, whereas PEG extends into the aqueous phase to
impart hydrophilicity.24 Immersed samples were subjected to
vacuum treatment to remove all air out from the bulk and
ensure wetting of all surfaces.
Scanning electron microscopy (SEM) was performed to
verify adsorption of PEG-lipids on the outer surface of the
ﬁlaments (Figure 2). AG samples were dehydrated by super
critical point drying (CPD) to avoid the destructive eﬀect of
surface tension on the network during evaporation of the liquid
and a thin layer of gold was applied to improve visualization of
biomolecules on the graphitic ﬁlaments. The PEG-lipids
became visible at high magniﬁcation as bright dots (Figure
2B, C), and were found to decorate the surface as a dense and
homogeneous monolayer of individual molecules. Control
experiments with gold-coated pristine AG conﬁrmed that the
observed nanostructures were not artifacts of the coating
procedure (Figure 2E).
Amine terminated PEG-lipids oﬀer several advantages: long-
chain PEG conveys inertness to the surfaces and prevents
nonspeciﬁc binding of cells and proteins. The amine can be
used for standard coupling of ligands, antibodies or therapeutic
molecules to introduce speciﬁc functionalities, such as integrin
mediated cell adhesion. Here we used cyclic RGD (cRGD) as
ligand for the αvβ3 integrin in the plasma membrane of rat
embryo ﬁbroblasts (REF52). Fibroblasts were chosen in this
pilot study, because this cell type synthesizes and deposits ECM
to create an environment best suited to their function.7 AG
scaﬀolds were functionalized with a 4:1 mixture of DSPE-
PEG2000-NH2:DSPE-PEG2000-cRGD (Figure 2D). Assuming
a uniform mixing of both types of PEG-lipids and taking into
account a length of 9 nm for fully extended PEG2000, a ratio of
4:1 would yield a maximum spacing of integrin binding cRGD-
sites of 45 nm. This is well within the range of distances that
promote attachment and stable formation of focal adhesions by
REF52 ﬁbroblasts.26
REF52 were cultured for 4 days, then ﬁxed with
paraformaldehyde and prepared for SEM imaging by CPD. A
thin layer of gold was applied for visualization of cells within
the scaﬀolds and reduction of the destructive inﬂuence of the
electron beam on biological samples. SEM images of ﬁbroblasts
near the surface of the AG bulk material (Figure 3) revealed the
typical polygonal cell shape with elongated cytoplasm
projections attaching to the scaﬀold. Images at higher
magniﬁcation (Figure 3C,D) showed contact formation of the
plasma membrane with the AG surface indicating the ability of
cRGD functionalized AG to promote integrin mediated speciﬁc
cell adhesion. The viability of cells upon exposure to pristine
and DSPE-PEG2000-NH2 functionalized AG was tested
according to the norm ISO 10993, which proposes stand-
ardized conditions for biological evaluation of medical devices
and materials. In particular, assay protocols outlined in parts 5
(ISO 10993−5:2009) and 12 (ISO 10993−12:2004) of this
norm were applied. Brieﬂy, REF52 cells were cultured for 24 h
in extract medium that had been incubated with AG and PEG-
lipid conjugated AG at 37 °C for 72 h. To determine cell
viability the colorimetric MTT metabolic activity assay was
used with cells incubated in untreated medium as negative
control and cells incubated in 15% DMSO as positive control
(Figure 3E). The results were normalized to the viability of the
negative control and show neither a negative eﬀect of
functionalized AG nor pristine AG on REF 52 cells.
Next, we explored the colonization depth within AG scaﬀolds
using inherently ﬂuorescent REF52 cells, which express YFP-
paxillin. Paxillin is mainly located in the focal contacts formed
by ﬁbroblast upon adhesion (Figure 4A). Despite the extreme
low density and open porous structure, AG scaﬀolds are opaque
and have tremendous light absorbing capacities.15 Thus,
ﬂuorescence imaging proved most challenging and required
extended illumination times of up to 5 s/frame. Optical image
stacks were recorded up to a maximum penetration depth of
Figure 3. SEM images of REF 52 cells after 4 days of growth within cRGD functionalized AG with a 4:1 mixture of DSPE-PEG2000-NH2/ DSPE-
PEG2000-cRGD. (A) The medium sized overview scan shows growth of numerous cells (arrows) along ﬁbers in diﬀerent planes within the 3D
network. (B−D) Zoom-in on the interface between cell and functionalized AG surface show a tight physical connection between cells and scaﬀold
material. (E) Results of MTT-Formazan absorbance measurement, showing mean values of cell viability (two independent experiments, three
technical repeats in each of them) and ± standard deviation for REF 52 cells treated with extracts of pristine (AG) and PEG-lipid conjugated (AG
PEG-lipid) aerographite, as well as normal medium (untreated) and 15% DMSO (positive).
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300 μm from the surface. Figure 4B shows an optical section
image taken approximately 100 μm from the surface of an AG
scaﬀold. In the image AG ﬁlaments are well visible as black
ﬁbers, as they absorbed all emitted light; ﬂuorescence signals
from embedded cells indicate progressive growth into the
matrix. Figures 4C, D compare actin (red) and paxillin (green)
distributions on 2D glass and in 3D AG. On a 2D substrate,
actin assembles in stress ﬁbers, and separate focal adhesion sites
are clearly visible. In 3D, paxillin clusters are much smaller and
actin forms more of a mesh. This is in agreement with previous
studies that have shown that adhesion structures are quite
diﬀerent in 2D and 3D.6,27−29
Because of the obvious limitations of ﬂuorescence micros-
copy due to the optical properties of AG, we prepared
histological sections for bright-ﬁeld microscopy. The samples
were dehydrated, embedded in paraﬃn, and sections of 9 μm
thickness were cut from the surface down to about half the
sample height at 1.5 mm (see also Figure S4−S6). To visualize
the embedded cells, we applied hematoxylin and eosin (HE)
stain that color cell nuclei in blue and eosinophilic structures in
the cytosol in shades of red and pink. AG scaﬀold fragments
clearly show association with intact cells (Figure 4F−I).
Through screening of all sections from multiple scaﬀolds we
determined colonization depths of up to 580 μm. Higher-
magniﬁcation images revealed ﬁbroblasts of normal morphol-
ogies that were well interfaced with AG fragments (Figures
3F−L) and stretched out or spanned between adjacent
ﬁlaments, in accordance with our observation from SEM.
In summary, we demonstrated the capacity of biofunction-
alized AG as a novel ultra lightweight graphitic material to
provide a scaﬀold conducive to directed three-dimensional cell
growth. Cells were able to adhere, extend leading edges and
elongate along the ﬁbers of the matrix. The great advantages of
AG compared to other porous 3D scaﬀolds are its extremely
high porosity and the opportunity to tune the elastic modulus
to accommodate diﬀerent types of tissues.20 Together with the
material’s excellent electrical properties (conductivity ∼1 S/m)
AG may prove very promising for applications where guidance
cues and electrical conductivity within a 3D environment are
vital for cell proliferation and stimulation, e.g., in cardiac tissue
engineering30,31 or regeneration of neural activity.32 Thus, our
ﬁndings commend AG with its extensive possibilities of
tailoring for further investigations of other tissue engineering
and bioapplications.
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ABSTRACT: Carbon-based ﬁbrous scaﬀolds are highly
attractive for all biomaterial applications that require electrical
conductivity. It is additionally advantageous if such materials
resembled the structural and biochemical features of the
natural extracellular environment. Here, we show a novel
modular design strategy to engineer biomimetic carbon ﬁber-
based scaﬀolds. Highly porous ceramic zinc oxide (ZnO)
microstructures serve as three-dimensional (3D) sacriﬁcial
templates and are inﬁltrated with carbon nanotubes (CNTs)
or graphene dispersions. Once the CNTs and graphene coat
the ZnO template, the ZnO is either removed by hydrolysis or
converted into carbon by chemical vapor deposition. The
resulting 3D carbon scaﬀolds are both hierarchically ordered
and free-standing. The properties of the microﬁbrous scaﬀolds were tailored with a high porosity (up to 93%), a high Young’s
modulus (ca. 0.027−22 MPa), and an electrical conductivity of ca. 0.1−330 S/m, as well as diﬀerent surface compositions. Cell
viability, ﬁbroblast proliferation rate and protein adsorption rate assays have shown that the generated scaﬀolds are
biocompatible and have a high protein adsorption capacity (up to 77.32 ± 6.95 mg/cm3) so that they are able to resemble the
extracellular matrix not only structurally but also biochemically. The scaﬀolds also allow for the successful growth and adhesion
of ﬁbroblast cells, showing that we provide a novel, highly scalable modular design strategy to generate biocompatible carbon
ﬁber systems that mimic the extracellular matrix with the additional feature of conductivity.
KEYWORDS: tissue engineering, CNT, graphene, aerographite, ZnO, three-dimensional scaﬀold, cell adhesion
1. INTRODUCTION
Regenerative medicine aims at developing microenvironments
for the regrowth of damaged or dysfunctional tissue and organs.
New promising strategies of regenerative medicine make use of
biomaterial scaﬀolds that resemble the chemical composition,1
the topographical structure, and the three-dimensional (3D)
micro- and nanoenvironments of extracellular matrix (ECM).2
The ECM consists of interwoven protein ﬁbers, such as
collagens, in diﬀerent ranges of diameters varying from a few
(<5 nm) up to several hundred nanometers for bundled collagen
ﬁbrils.3 The chemical, structural, and mechanical features of the
ECM signiﬁcantly control cell migration, as well as tissue
development and maintenance4 such that ﬁnding novel ways to
mimic the ECM is a highly important task in biomaterials
science. As the diameter (<5 nm) and length (<500 nm) of
unbundled collagen ﬁbrils are in the range of those of carbon
nanotubes (CNTs),3 CNTs present an interesting substitute for
collagen ﬁbrils.
A general goal of artiﬁcially fabricated biomaterial scaﬀolds is
to promote cells to diﬀerentiate and proliferate in three
dimensions so that they fulﬁll their functions in the artiﬁcial
tissue and integrate well after implantation.5 Particularly, the
microstructure and porosity of a scaﬀold are the key to achieve
spatially organized cell growth, besides the induction of speciﬁc
biological functions in the regenerated tissue. Tailoring pore
size, shape, and interconnectivity of a scaﬀold ensures that cell
migration, as well as oxygen and nutrient contribution are similar
to the conditions of natural tissues.6 Often, a large pore size in
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the range of a few micrometers supports cell migration and
ensures the transport of nutrition and waste products.7
In neural implants and heart tissue engineering, the electrical
conductivity of a scaﬀold material is often a further requirement
necessary for cellular signaling and function.8 For example,
conductivities of 0.03−0.6 S/m have been reported for cardiac
muscles.9 Carbon-based nanomaterials can in principle fulﬁll
such requirements for 3D assemblies.10,11 CNTs have a high
electrical conductivity (up to 67 000 S/cm)12 and chemical
stability (e.g., against acids);13 while graphene (G) oﬀers high
surface area (2630 m2/g)14 and high electrical conductivity
(107−108 S/m).15 Both CNTs and graphene have attracted
signiﬁcant attention in biomedical applications, ranging from
biosensors16 and drug/gene delivery17 to targeted bioimaging.17
In addition, compared to other carbon-based nanomaterials, the
high physical aspect ratio of CNTs (up to 3750 length/
diameter) and graphene provides a suﬃcient surface area for the
attachment of adhesion ligands and cells.14,18 Regarding neural
tissue engineering, 3D graphene foams19 and graphene ﬁlms18
have contributed to enhance neural stem cell diﬀerentiation
toward astrocytes and neurons.20
An important requirement for such carbon-containing
scaﬀolds is biocompatibility. The biocompatibility of CNTs
depends on the concentration of CNTs,21 their degree of
puriﬁcation, synthesis method,22 aspect ratio, diameter and
number of CNT walls,23 and their surface functionalization.24
Although many studies have proven the feasibility of CNTs as
biocompatible material,25 the cytotoxicity of CNTs is still a
concern due to residual metal catalysts, amorphous carbon, and
CNT aggregation that can occur within the cell.26 In contrast,
graphene has been reported to be biocompatible and is readily
applicable for a variety of biological applications, including the
use of neuronal cells,18 cardiomyocytes,27 and osteoblast28 cells.
Graphene oxide (GO) is an interesting graphene derivative, as it
consists of a single atomic carbon layer decorated with
hydrophilic functional groups such as carboxylic acid, hydroxyl,
and epoxide.29 In particular, GO has shown a strong tendency to
interact with peptides and proteins via physical or chemical
bonds.30 Therefore, graphene and GO have great potential in
biomedical applications as they can easily be converted into
biofunctional, peptide- or protein-coated surfaces. Moreover,
carbon microtube materials, speciﬁcally aerographite (AG), are
of further interest as biomaterials due to their electrical
conductivity (0.2−0.8 S/m)31 and highly porous (up to
99.99%)32 3D interconnected network. A recent study has
demonstrated the feasibility of AG as a suitable 3Dmatrix for cell
migration and proliferation.33 However, a clear pathway to
generate a highly porous biocompatible ECM-mimetic scaﬀold
with tunable porosity, electrical conductivity, and suitable
mechanics for biomedical applications has so far been missing.
Here we demonstrate a novel modular design strategy to
generate hierarchically structured carbon-based, microﬁbrous
scaﬀold materials with adjustable electrical and mechanical
properties that mimic the structure of the extracellular matrix.
The materials investigated here are biocompatible, support cell
proliferation and adhesion, and open the gateway to future
biomaterial development, where biocompatibility and electrical
conductivity are vital for cell proliferation and stimulation.
2. RESULTS AND DISCUSSION
2.1. Novel Types of Graphitic Scaﬀolds by CNT and
Graphene Inﬁltration. Diﬀerent types of ﬁbrous 3D carbon
scaﬀolds have been prepared based on our modular template-
mediatedmethod. Figure 1 shows themodular design strategy of
our fabrication method. The fabrication uses presintered highly
porous (porosity > 93%) ceramic ZnO templates as a sacriﬁcial
material.32 These ZnO templates themselves consist of
interconnected tetrapod-shaped ZnO particles. Representative
scanning electron microscopy (SEM) images of the ZnO
templates are shown in the Supporting Information Figure S2.
The highly porous ZnO templates have an interstitial space of
approximately 10−100 μm between ZnO ﬁlaments, which in
turn have diameters between 0.5 and 5 μm. Therefore, the
spatial geometry and organization of the microtube-shaped
structures of the ZnO template are comparable to that of the
ECM.34
The coating of ZnO templates with carbon nanomaterials
(e.g., CNTs, graphene) is performed via a simple process to
inﬁltrate the entire 3D template with a CNT dispersion as
described by Schütt et al.35 In addition, here we demonstrate
that the feasibility of this technique can be extended also to
graphene dispersions. The inﬁltration process relies on the
superhydrophilicity of the ZnO template,36 which is a direct
result of the combination of the hydrophilic character of the
Figure 1. Schematic illustration of diﬀerent 3D carbon tube structures. The highly porous ZnO template can be either inﬁltrated with a nanoparticle
dispersion (e.g., graphene, CNT) leading to a homogeneous coating around the tetrapodal particles or converted to a graphitic structure using a
chemical vapor deposition (CVD) process (aerographite). The combination of both processes leads to a modular design strategy, especially in terms of
conductivity, mechanical stiﬀness, and surface topography.
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individual tetrapod-shaped ZnO microparticles and the high
porosity (>93%) of the template. During water evaporation, the
nanomaterials form a widely homogeneous coverage35 around
the ZnO microrods (Supporting Information Figures S3 and
S4). The amounts of CNTs and graphene ﬂakes covering the
ZnO template can be controlled by cyclically repeating the
inﬁltration process several times (Supporting Information,
Figures S3 and S4). SEM images revealed that the inﬁltrated
CNTs form a layer made of self-entangled CNTs around the
ZnO network (Supporting Information Figure S4). Similarly to
CNTs, a dispersion of graphene ﬂakes also forms a
homogeneous layer around the ZnO (Supporting Information
Figure S3).
To generate freestanding scaﬀolds from the ZnO templates
after coating them with carbon nanomaterials, the ZnO must be
carefully removed. We have used three diﬀerent processes to
remove the sacriﬁcial ZnO network after inﬁltration (Figure 1):
(i) hydrolyzing the sacriﬁcial ZnO template by a HCl solution35
(Supporting Information Figure S5a), (ii) converting the ZnO
template via a CVD process31 (Supporting Information Figure
S5b,c), and (iii) using a carbothermal reduction process37 in
combination with glucose (g) as a carbon source. Each of these
processes leads to a speciﬁc type of carbon-based scaﬀold.
Therefore, the results of these processes (Supporting
Information Figure S5) are discussed in the following sections.
2.2. Freestanding Carbon Nanotube Network (CNTT)
Scaﬀolds from Hydrolysis of the Sacriﬁcial ZnO
Template by HCl. When HCl is used to dissolve the ZnO in
CNT-coated ZnO templates, hierarchically structured CNTT
scaﬀolds are formed. These structures consist of interconnected
hollow tubes, which are composed of self-entangled CNT
networks, as reported previously.35 SEM images of the resulting
CNTT scaﬀolds are presented in Figure 2a−c. The presented
structures demonstrate a hierarchical architecture, where the
porous scaﬀold are composed of microtetrapods (Figure 2a,b),
which in turn consist of nanoscale CNTs (Figure 2c). The HCl-
based ZnO dissolution can only be applied for templates
inﬁltrated with CNTs. Templates inﬁltrated with graphene only
led to collapsing structures (data not shown), presumably as the
graphene ﬂakes cannot interweave.
2.3. ZnO Conversion to AG via CVD Forms Composites
with Embedded Nanoparticles.We also use a CVD process
to remove the ZnO, resulting in a thin (∼15 nm) ﬁlm of graphite
around the entire template similar to the graphitic shells in AG.31
The CVD process can be applied if the ZnO is coated with either
CNTs or graphene (Supporting Information Figure S6). Then,
the AG serves as an additional backbone. This is the case in all of
Figure 2. SEM images from low to high magniﬁcation of the diﬀerent 3D carbon structures. (a−c) Carbon nanotube tubes (CNTTs), (d−f)
aerographite with incorporated CNTs (AG−CNTT) (the red arrows show the grown CNTs during the CVD process), (g−i) aerographite (AG),
(j−l) aerographite with incorporated graphene (AG−G) (the yellow arrows point to nanopores on the surface of aerographite), and (m−o) carbon
nanotube tubes incorporated into a thick carbon layer (CNTT−g).
ACS Applied Materials & Interfaces Research Article
DOI: 10.1021/acsami.8b17627
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX
C
our CVD-based scaﬀolds, i.e., in composites of graphene and
aerographite (AG−G) and in composites of multiwalled CNTs
and aerographite (AG−CNTT) (Figure 2d−l). The modular
design of the fabrication process allows us to change and tailor
the surface topography of the hollow graphitic microtubes. Up
to 5 μm long CNTs are formed perpendicular to the surface of
microtubes on AG−G and AG−CNTT during the CVD process
(Figure 2f). Such CNTs are not formed on pure AG (Figure
2i).31 The growth of new carbon nanotubes on AG−G networks
(Figure 2l, red arrows) is most likely attributed to the adsorption
of carbon atom clusters on the active sites of the graphene
surface during the CVD process.38
2.4. Carbothermal Reduction Process Leads to Novel
Types of Graphitic Structures with Embedded CNTs. In
the carbothermal reduction reaction,37 glucose acts as the
carbon source enabling the reduction of ZnO in a quartz tube
furnace at 950 °C under argon atmosphere. To do so, ZnO
templates were inﬁltrated with a mixture of glucose and CNTs.
The carbothermal reduction of ZnO to Zn(g)37 leads to ZnO
removal and to the formation of graphitic shells, thus resulting in
the so-called CNTT−g structure (Figure 2m−o). We have
conﬁrmed the removal of ZnO by Raman spectroscopy (Figure
3, CNTT−g graph) (see next paragraph). Furthermore, this
process results in a scaﬀold with a microstructure that is
comparable to that of the AG−CNTT scaﬀold (Figure 2e,n).
However, the graphitic shells of the CNTT−g scaﬀold appear to
be thicker than those of the AG−CNTT scaﬀold (Figure 2n,o).
Additionally, in contrast to the AG−CNTT structures, no
additional CNTs are grown (Figure 2n) in the CNTT−g case.
Figure 3 shows Raman spectra (Renishaw 1000 InVia) of all of
the carbon-based structures. Raman spectroscopy is used to
examine the structural ﬁngerprint of each material at a
wavelength of 514.5 nm with an incident power of ∼0.1 mW.
The graphene and CNT inks were drop-cast onto Si/SiO2
substrates before measurement. For the graphene ink (red
curve), the G peak (∼1586) corresponds to the E2g phonon at
the Brillouin zone center, and the D peak located at∼1350 cm−1
corresponds to the breathing modes of the sp2 carbon atoms and
requires a defect for its activation.39 Our graphene inks are
produced by liquid-phase exfoliation; therefore we attribute this
peak to edge defects rather than to defects in the basal plane.40
The two-dimensional (2D) peak located at∼2700 cm−1 is the D
peak overtone and can be ﬁtted by a single Lorentzian, indicating
electronically decoupled graphene monolayers.41
The aerographite (dark blue curve) shows a G peak position
Pos(G) ∼ 1600 cm−1 and the absence of a distinct 2D peak,
indicating the more defective nature of this sample and a lack of
structural order in the aerographite.42 The AG−G (yellow
curve) structure has a similar spectrum to that of aerographite
with D and G peaks located at ∼1350 and ∼1600 cm−1,
respectively, indicating that the material is mostly composed of
aerographite and graphene, given the selective etching of the
ZnO scaﬀold during the CVD reduction.31 The spectra of the
CNT ink (green curve) and CNT ink with glucose (purple
curve) show D, G, and 2D peaks at ∼1350, ∼1580, and ∼2700
cm−1, respectively. The peaks from the glucose residue are too
weak to be observed.Moreover, the CNTT spectra (gray curve),
AG−CNTT (blue curve), and CNTT−g (pink curve) have D,
G, and 2D peaks that demonstrate the presence of the CNTs,
respectively. Finally, the ZnO spectra (brown curve) display
several peaks below 1200 cm−1, predominately created from the
intense peak at 1158 cm−1 attributed to the 2A1(LO) and
2E1(LO) modes at the Brillouin zone center.
43 However, no
peaks attributed to ZnO are observed in any of the CNTTs or
aerographite scaﬀolds, proving the complete removal of the ZnO
template.
2.5. Scaﬀold Mechanics can be Tailored Over Several
Orders of Magnitudes. Figure 4 shows Young’s moduli and
electrical conductivities of CNTT, AG−CNTT, CNTT−g, AG,
and AG−G. The scaﬀold with the lowest stiﬀness is AG with a
Young’s modulus of 16 kPa, which is comparable to previously
reported values.31 AG−G has a Young’s modulus of up to 27
kPa, thus adding graphene into the graphitic shells of AG results
in a mechanical reinforcement of the scaﬀold (∼170%). This
reinforcement is in a similar range to that of other graphene-
reinforced porous networks, e.g., graphene/chitosan compo-
sites44 (∼200%). In contrast to AG−G, AG−CNTT is much
stiﬀer (Figure 4), with Young’s modulus reaching ∼22 MPa.
This reinforcement by a factor of about 1000 is presumably
due to the reinforcement of CNTs on the nanoscale by self-
Figure 3. Raman spectroscopy of aerographite, ZnO, CNTT, AG−
CNTT, CNTT−g, AG−G, graphene, and CNT inks. Figure 4. Young’s modulus (measured under compression) and
electrical conductivity of the 3D CNTT, AG−CNTT, CNTT−g, and
AG−G scaﬀolds. All structures containing CNTs have a higher Young’s
modulus and conductivity compared to those without CNTs. The
values for pure AG and CNTTs were taken from the corresponding
publications,31,35 whereas the other values were measured using a self-
built electromechanical testing setup.
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entanglement.35 Hence, the mechanical reinforcement of AG by
CNTs is higher than in other CNT-reinforced porous
biomaterials, including gelatin methacrylate (GelMA)−CNT
composites45 and poly(propylenefumarate)−CNT compo-
sites.46 Young’s modulus of CNTT−g (∼4 MPa) is in between
the moduli of AG−G and AG−CNTT. These results conﬁrm
that the incorporation of CNTs and graphene into 3D scaﬀolds
compensates for the typically low mechanical Young’s moduli of
porous structures47 and that AG provides a stable backbone for
CNTT scaﬀolds. In addition, the structural integrity of AG−G
scaﬀolds is demonstrated during a long-cycle compression test
(Figure S7) (Supporting Information Video S1).
2.6. Tailoring Scaﬀold Conductivity.We also investigated
the electrical properties of our scaﬀolds (Figure 4, gray squares).
AG−G and AG have similar electrical conductivities of around
0.5 and 0.2 S/m, whereas the conductivities of AG−CNTT and
CNTT−g are about 120 and 130 S/m, respectively (Figure 4).
Hence, AG−CNTT and CNTT−g clearly have higher electrical
conductivities than CNT-containing electrospun ﬁbrous
composites (3.5 S/m),48 which are applied in cardiac tissue
engineering. The increase in conductivity of the scaﬀolds can be
mainly attributed to the high conductivity of CNTs that are
embedded in the graphitic shells of AG. This eﬀect is more
pronounced in the case of AG−CNTT and CNTT−g,
presumably as a result of the conductive pathways formed by
the self-entangled CNT networks. It has already been shown
that by adjusting the CNT concentration during the inﬁltration
process, the conductivity of CNTT can be tailored between 10−6
and 130 S/m.35 Indeed, CNTT−g has the highest conductivity
(330 S/m) of our scaﬀolds.
2.7. Scaﬀolds Strongly Adsorb Proteins. Albumin is an
adhesive protein in plasma and can non-speciﬁcally bind to low-
dimensional carbon-based materials via electrostatic interac-
tions.49 Therefore, we checked the albumin adsorption capacity
of the scaﬀolds using the bicinchoninic acid (BCA) assay. As
shown in Figure 5, within the ﬁrst 48 h, albumin adsorption is
smaller on AG−G than on AG−CNTT, whereas its adsorption
is very similar on all scaﬀolds later on. The highest absolute
protein adsorption mass (30.23−22.6 ± 2.76 mg/cm3) was
detected during the ﬁrst 2 days of incubation, and the adsorption
amount reduced to approximately two-thirds (23.69−20.64 ±
2.39 mg/cm3) during the third to fourth day of incubation.
Overall, protein adsorption is very similar on all tested scaﬀolds,
although CNTT, CNTT−g, and AG−CNTT scaﬀolds adsorb
slightly higher protein amounts (CNTT−g: 77.32 ± 6.95 mg/
cm3; CNTT: 70.77 ± 5.33 mg/cm3; AG−CNTT: 68.08 ± 6.73
mg/cm3) than AG−G (64.92 ± 7.2 mg/cm3) (Figure 5a). This
might be attributed to the higher protein adsorption capacity of
CNTs than graphene ﬂakes due to van der Waals forces and
electrostatic interactions.30
To compare our results of protein adsorption with other
studies, we needed to relate them to the weight of the scaﬀolds
by taking into account their density (Table 1). Figure 5b shows
that protein adsorption per weight of CNTT, CNTT−g, and
AG−CNTT scaﬀolds is diﬀerent for diﬀerent scaﬀold types
(CNTT−g: 147.9 ± 13.42 mg/g; CNTT: 128.9 ± 9.69 mg/g;
AG−CNTT: 115.14 ± 11.38 mg/g). It is also higher than on
single-walled CNTs and graphene (∼100 mg/g)30 and on
nanoporous silica (∼70 mg/g).50 In addition, due to its low
density, AG−G adsorbs even more protein per weight (1512.25
mg/g) after 144 h, e.g., about 10 times more than our other
scaﬀolds. The albumin adsorption on AG−G even after 48 h
(527 mg/g) is comparable to that of graphene oxide (∼500 mg/
g).30
2.8. Biocompatibility of the Carbon-Based Scaﬀolds.
Biocompatibility of the scaﬀolds is investigated by methyl-
thiazolyldiphenyl-tetrazolium bromide (MTT) metabolic activ-
ity andWST-1 assays, as well as by proliferation studies. Figure 6
Figure 5. Protein adsorption on CNTT, AG−CNTT, CNTT−g, and AG−G during 0−48, 49−96, and 97−144 h of incubation with albumin solution
(1 mg/mL). (a) Absolute protein adsorption amount per scaﬀold volume. (b) Absolute protein adsorption amount per scaﬀold weight.
Table 1. Full Names and Abbreviations of Fabricated Materials and Scaﬀolds in Our Study
full name abbreviation density (g/cm3) porosity (%)
aerographite AG ∼200 × 10−6 31 up to ∼99.931
carbon nanotube tube CNTT ∼0.064 ∼94
carbon nanotube tube−glucose CNTT−g ∼0.061 ∼90
aerographite−carbon nanotube tube AG−CNTT ∼0.069 ∼95
aerographite−graphene AG−G ∼0.005 ∼96
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shows the results for CNTT, CNTT−g, AG−CNTT, and AG−
G samples using an MTT assay, demonstrating that all scaﬀolds
are biocompatible, hosting a similar number of viable cells as the
negative control. As cell adhesion is not possible on pristine AG
without functionalization,33 biocompatibility of AG is not
investigated again in this study.
Figure 7 shows the proliferation rate of rat embryonic
ﬁbroblast cells (REF52wt) cultured on CNTT, CNTT−g, AG−
CNTT, and AG−G samples relative to cells cultured on a
culture dish. CNT-containing scaﬀolds (CNTT, CNTT−g, and
AG−CNTT) lead to higher proliferation rates (ca. 300−320%)
than graphene-containing structures (AG−G) (∼240%) after 7
days in culture. As ﬁbroblast proliferation depends on matrix
stiﬀness,51 an increase in stiﬀness might also lead to an increase
in ﬁbroblast proliferation,52 which can be attributed to the
translation of mechanical cues from the matrix into a
biochemical one via mechanosensory receptors such as focal
adhesions.53 Speciﬁcally, it has been reported that ﬁbroblasts
need substrates with aminimumYoung’s modulus of 20−30 kPa
to spread and 2 MPa to spread and polarize perfectly.51 Hence,
the huge diﬀerence in Young’s moduli between CNT-reinforced
scaﬀolds (between 4 MPa in CNTT−g and 23 MPa in CNTT)
and graphene-reinforced scaﬀolds (27 kPa in AG−G) can
explain the higher proliferation rate of ﬁbroblast cells on CNTT,
AG−CNTT, and CNTT−g compared to AG−G.
2.9. Carbon-Based Scaﬀolds as Porous Structures for
Cell Growth. Fibroblast cells (REF52wt) were cultured for 7
days on the scaﬀolds to investigate cellular growth at the surface
and inside. SEM images of critically point-dried cells (Figure 8)
revealed that cells (highlighted in green) are attached to the
surface of the scaﬀolds. Fibroblasts do not migrate strongly
within a 3D network54 but proliferate so that we typically
observe several cells at one location. Cells are sprawled and
elongated between the ﬁlaments of scaﬀolds and have a
polygonal shape on all four scaﬀold types. Close-up images on
the adhesion sites reveal tightly anchored membranes of cells to
CNTs and graphene on the surface of structures, comparable to
ﬁbroblasts on AG functionalized with cyclic arginylglycylaspartic
acid (RGD) peptides.33
To investigate cell adhesion at the molecular level, we studied
the presence of paxillin in adhesion structures. Paxillin is a
component of focal adhesion clusters;55 therefore, it can be
assumed that more paxillin in contact with our scaﬀolds is
related to stronger cell adhesion. We used cells that were stably
transfected with yellow ﬂuorescent protein (YFP)-paxillin and
imaged the paxillin in ﬂuorescence microscopy. Imaging
ﬂuorescence in 3D matrices compared to 2D is challenging.56
Due to the low intensity of paxillin in the cells and the high light
absorbance of our scaﬀolds,31 imaging the paxillin adhesion sites
was only possible by using long acquisition times (5 s), which
resulted in background signals. Nevertheless, paxillin-containing
adhesion sites can be distinguished around the ﬁlaments of the
scaﬀolds. Based on the ﬂuorescence images (Figures 9a−d and
S8), more adhesion clusters can be detected on CNT-reinforced
scaﬀolds than on graphene-reinforced scaﬀolds. This could again
result from the diﬀerent mechanical properties of the scaﬀolds,
but it is also in agreement with cell studies on multiwalled CNTs
showing that NIH-3T3 ﬁbroblasts form larger adhesion clusters
on CNTs than on graphene.57
A further important contribution to cell adhesion is the
cytoskeleton, where networks of actin ﬁbers determine cell
shape and movements.58 To investigate cellular actin networks
on our scaﬀolds, we investigated the ﬂuorescence of phalloidin
to detect actin ﬁbers. Again, imaging deeply inside the scaﬀolds
was impaired by the strong light absorbance of CNTs and
graphene, restricting it to the ﬁrst 300 μm from the surface. As
shown in Figure 9, well-developed actin ﬁbers (in red) are
indeed present within the ﬁbroblasts. Furthermore, the cells are
polarized and have oriented actin bundles. Figure 9a−c also
shows that actin ﬁbers on CNT-reinforced scaﬀolds (CNTT,
AG−CNTT, and CNTT−g) are mainly oriented in the
direction of ﬁbroblast protrusions. Although many actin ﬁbers
can be detected in cells grown on AG−G (Figure 9d), they are
neither well polarized nor elongated like the actin ﬁbers in the
cells on CNT-reinforced scaﬀolds (CNTT, AG−CNTT, and
CNTT−g). These results could again originate from the
mechanical properties of our materials, similarly to proliferation
rate and paxillin clusters.
2.10. ECM-Mimetic Scaﬀolds. The open porous structure
of our scaﬀolds with large free volumes (>95%) should be highly
beneﬁcial for the growth andmigration of cells, as the open pores
allow the cells to freely migrate and proliferate within the
Figure 6. Percentage of viable cells (rat embryonic ﬁbroblasts wild type,
REF52wt) relative to the negative control, as determined in an MTT
assay (four independent experiments, ﬁve technical repeats in each of
them). The error bars denote standard deviation.
Figure 7. Results of WST-1 metabolic tests of cell proliferation rate
(REF52wt). Mean values were determined from four independent
experiments, each including ﬁve technical repeats. The error bars
denote standard deviation, the raw data were normalized to the control,
and a correction factor was applied to account for unspeciﬁc adsorption
(see Materials and Methods).
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scaﬀolds.2 Moreover, in contrast to other studies on 3D porous
structures, in which the alignment of CNTs24 or graphene
sheets59 conﬁned the accessibility of cavities, our carbon
framework structures provide accessible interconnected pores
from all sides (Figure 2). In addition, the hierarchical
organization of structural elements, speciﬁcally self-entangled
CNTs in the form of microtubes, is reminiscent of the
hierarchical nano- and microstructure of the ECM. It should
therefore in principle be possible to employ our modular design
strategy to generate diﬀerent composition-dependent structural
andmechanical features similar to collagen60 in the ECM. As our
scaﬀolds strongly adsorb proteins, it should also be possible to
adsorb adhesion ligands typically present in ECM proteins, such
as RGD.61 In this way, the scaﬀolds can be modiﬁed such that
they ﬁnally mimic the ECM structurally and biochemically, but
with the additional feature of conductivity.
3. CONCLUSIONS
In summary, we have introduced a novel modular design
strategy to produce carbon-based scaﬀolds that mimic the ECM
and allow 3D cellular growth. Biocompatibility studies revealed
a high proliferation rate of ﬁbroblasts as well as the ability of
ﬁbroblasts to develop paxillin-containing adhesion sites. In
addition, the cells sprawl and elongate between single ﬁlaments
of the scaﬀolds. Tuning electrical conductivity (ca. 0.1−330 S/
m), stiﬀness (ca. 10−3−0.7 MPa), and protein adsorption and
porosity (up to∼99%) of the scaﬀold provides great possibilities
for culturing cells. Based on the proven protein adsorption
capacity of the scaﬀolds, they are suitable for biofunctionaliza-
tion and addition of other biochemical cues. This is particularly
relevant in tissue engineering of electrically excitable tissue, e.g.,
heart tissue, as our scaﬀolds have tunable electrical conductivity.
In addition, the fabrication procedure is very simple and can in
principle be adopted to develop 3D assemblies from other low-
dimensional nanomaterials (e.g., bioactive ceramic nano-
particles, polymeric nanoﬁbers) by only changing the nano-
particle dispersion, as long as the nanoparticles are connected via
strong physical contacts such as entanglement, fusion, or
physical locks. This makes the scaﬀolds promising candidates
as conductive ECM-mimetic materials in many applications
from regenerative medicine to 3D cell culture.
4. MATERIALS AND METHODS
4.1. Fabrication of 3D Carbon ScaﬀoldMaterials.Templates of
tetrapod-shaped ZnO were fabricated by a previously developed ﬂame
transport synthesis method.32 The resulting loose powder was pressed
into a cylindrical shape (h = 3 mm, d = 6 mm) at a density of 0.3 g/cm3.
The pellets were subsequently sintered for 5 h at 1150 °C to obtain an
interconnected 3D ZnO network.32 This structure is the sacriﬁcial
template used for fabrication of carbon-based scaﬀolds, i.e., free-
standing CNTT, AG−CNTT, and AG−G.
For the fabrication of the CNTT scaﬀolds, the porous ZnO
templates were inﬁltrated with an aqueous dispersion of multiwalled
CNTs (1 wt %, CARBOBYK-9810, BYK Additives & Instruments)
using a self-built computer-controlled syringe. The length of the CNTs
can be on the order of a fewmicrometers, with diameters in the range of
20−60 nm.34 After inﬁltration of ∼90 μL of the CNT solution, the
samples were dried under ambient conditions for at least 1 h. The
process was repeated six times so that CNTs covered the ZnO template.
Figure 8. SEM images of REF52wt cells after 7 days of culturing within (a−c) AG−CNTT, (d, e) CNTT−g, (g−i) AG−G, and (j−l) CNTT scaﬀolds.
Left: Medium-sized overview images illustrating the growth of cells between the ﬁbers in diﬀerent directions and planes; middle: zoomed-in images
showing well-stretched cells along the ﬁbers and their elongation; and right: close-up images on the adhesion sites, proving the presence of strong
contacts between the materials and the cell membrane (yellow arrows).
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Then, the ZnO backbone was removed by immersing the composite in
a 1 M HCl solution overnight. The HCl solution was replaced by
washing with pure ethanol (ﬁve times). Finally, the etched structures
were dried in a critical point dryer (EMS 3000) by using the automatic
mode. The purge time was set to 15 min to ensure that all ethanol was
washed out, leaving freestanding CNTTs.3
To alter the CNTT structures further, we added glucose (1 wt %) to
the CNT ink used for inﬁltration. The inﬁltration into a ZnO template
was then repeated four times. After that, the samples were transferred
into a quartz tube furnace and heated to 950 °C under argon
atmosphere for 2 h. During this process, the ZnO was removed by
carbothermal reduction,45 leading to CNTT−g, which contains both
the remnants of the glucose and embedded CNTs.
For the synthesis of AG−CNTT scaﬀolds, the CNT-coated ZnO
templates were exposed to a CVD process, as reported previously.31
Brieﬂy, the ZnO template was replicated into aerographite at ∼760 °C
under a hydrogen and argon atmosphere in the presence of toluene as
the source of carbon.62 Thereby, the CNTs were embedded into the
graphite microtubes of aerographite while the ZnO was simultaneously
etched by H2.
A similar process was used to generate composites of graphene and
aerographite (AG−G). The graphene ink was made by dispersing
graphite ﬂakes (12 mg/mL, Sigma-Aldrich No. 332461) and Triton X-
100 stabilization agent (1.7 mg/mL) in deionized water, followed by
sonication (Fisherbrand FB15069, Max power 800W) for 9 h.63,64 The
dispersion was then centrifuged (Sorvall WX100 mounting a TH-641
swinging bucket rotor) at 5k rpm for 1 h to remove the thick ﬂakes. The
supernatant (i.e., the top 70%) of the dispersion was then decanted to
produce the ﬁnal graphene ink. In Figure S1, optical absorption
spectroscopy (Cary 7000) is used to estimate the ﬂake concentration.65
The ﬂake concentration in the graphene ink is obtained via the Beer−
Lambert law, which links the absorbance A = αcl with the beam path
length l (m), the ﬂake concentration c (g/L), and the absorption
coeﬃcient α (L/(g m)). The graphene ink was diluted 1:20 with water/
Triton X-100. An absorption coeﬃcient of α ∼ 1390 L/(g m) for the
graphene ink at 660 nm was utilized,66 estimating a graphene ﬂake
concentration of ∼0.09 mg/mL, consistent with previous reports of
graphene-based inks.40,67 The spectrum of the graphene ink is mostly
featureless due to the linear dispersion of the Dirac electrons, while the
peak in the UV region is a signature of the van Hove singularity in the
graphene density of states.68 The ZnO scaﬀold was inﬁltrated 50 times
to achieve coverage of graphene around the ZnO tetrapods, due to the
low concentration of the ink (0.09 mg/mL). After inﬁltration, the CVD
process (see process speciﬁcation above) was used to embed the
graphene ﬂakes into aerographite microtubes and to remove the ZnO
template.
4.2. Mechanical and Electrical Characterizations of 3D
Carbon Scaﬀold Materials. Mechanical and electrical character-
izations were performed using a self-built setup consisting of a
Maerzhaeuser Wetzlar HS 6.3 micromanipulator, which is driven by a
stepper motor, a Kern PLE 310-3N precision balance, and a Keithley
6400 source meter. A self-written LabView program controls all
components. To avoid any vibration damping, the whole setup is
located on a very rigid aluminum plate in a box ﬁlled with sand, which is
mounted on a vibration-isolated table. Stress−strain curves were
measured by placing the sample in between the micromanipulator and
the precision balance. For compression tests, the micromanipulator
deforms the sample by a user-deﬁned step size. After each step, the
programmeasures the force of the balance after a short settling time has
been elapsed. These steps are repeated until the maximum deformation
deﬁned by the user is reached. Afterwards, the direction of the
deformation is inverted until the micromanipulator comes back to its
original position. Finally, the stress−strain curves are evaluated and
Young’s modulus is determined. With respect to the cyclic compression
test, the same procedure was repeated several times. The wait time
between each compression step was set to 0 s, and the deformation
speed was set to 40 μm/s. To demonstrate the structural integrity, a
video was recorded during the long-cycle compression test with a USB
camera. Furthermore, the same setup also allows to record the current−
voltage characteristics using a Keithley 6400 source meter in the four-
wire sense mode. For electrical measurements, the carbon structures
were connected to thin copper plates on both sides by using conductive
Figure 9. High-magniﬁcation ﬂuorescence images of REF52 YFP-paxillin cells on 3D scaﬀolds: (a) CNTT, (b) AG−CNTT, (c) CNTT−g, and (d)
AG−G. YFP-paxillin is mainly distributed in small clusters (YFP; yellow), the nucleus was stained with Hoechst (4′,6-diamidino-2-phenylindole,
DAPI; blue), and actin ﬁbers were visualized by phalloidin (red). Fluorescence imaging took place in optical sections approximately between 50 and
100 μm from the surface of thematerial. Adhesion sites are detectable (a, b) as tiny yellow spots mainly around the tube-shaped ﬁlaments of CNTT and
AG−CNTT structures. Due to the low intensity and small size of YFP-paxillin (c, d), they are not clearly observed, which is also obscured by red (actin
ﬁbers) and blue (nucleus) channels in multichannel images. The green dashed arrows illustrate the protrusion direction of the cells.
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silver paste. It is noteworthy that only a thin layer of paste was needed to
ensure good electrical connection of the porous material to the
measurement setup. Current−voltage curves were measured in a
voltage range of up to 5 V. Finally, the resistance was calculated from the
obtained data and converted to conductivity to give meaningful values
for each structure.
4.3. Cell Culture and Cell Seeding on Scaﬀolds. Rat embryonic
ﬁbroblasts (REF52), both as wild type and stably transfected with YFP-
paxillin (REF YFP-Pax),69 were cultured in Dulbecco’s modiﬁcation of
Eagle medium (Biochrom, Germany) at 37 °C, 5% CO2 at ∼90%
humidity. The medium was supplemented with 10% fetal bovine serum
(Biochrom, Germany) and 1% penicillin/streptomycin (Sigma-
Aldrich, Germany). To expel any traces of remaining zinc from the
scaﬀold fabrication process prior to cell experiments, all samples were
immersed in culture medium for 14 days after autoclaving at 121 °C.
Shortly before the cell experiments, the cells were immersed in a fresh
culture medium, counted with a cell counter (Scepter, MerckMillipore,
Germany), and ∼20 000 cells were seeded on each scaﬀold in 24-well
plates. The cells were incubated on the scaﬀolds for 1, 3, or 7 days.
4.4. Cell Staining. To investigate the cell morphology, prolifer-
ation, and adhesion on the scaﬀolds, cell nuclei were stained with DAPI
(Thermo Fisher, Germany), and actin stress ﬁbers were stained with
phalloidin (Alexa Fluor 647 phalloidin, Thermo Fisher, Germany).
Imaging was carried out using ﬂuorescence microscopy (IX81,
Olympus, Germany), and images were processed with cellSens
Dimension (Olympus, Germany). For electron microscopy inves-
tigations, the cells were ﬁxed by paraformaldehyde (Thermo Fisher,
Germany) and dried using critical point drying (EMS 3000). A thin
layer of gold was sputtered (Bal-Tec SCD 050, 30 mA, 30 s) onto the
sample prior to scanning electron microscopy (SEM) (Ultra Plus Zeiss
SEM, 5 kV). The cells in SEM images were highlighted in green (via
Adobe Photoshop CC 2017) to distinguish them more easily.
4.5. Viability and Proliferation Assay. The number of living cells
on the scaﬀolds was quantiﬁed by aWST-1 proliferation assay after 1, 3,
and 7 days of incubation. In this assay, the number of living cells can be
acquired from the amount of dye produced via bioreduction of stable
tetrazolium salt WST-1 (Sigma-Aldrich, Germany). The amount of
formazan is proportional to the number of cells (Cell Proliferation
Reagent WST-1 Protocol, Sigma-Aldrich, Germany). The experiments
were carried out as follows: After seeding the cells onto each sample
(see speciﬁcation above), the scaﬀolds were ﬁrst washed with
phosphate buﬀered saline and then incubated with aWST-1-containing
medium for 4 h. The concentration of the formazan dye was quantiﬁed
by a multiwell spectrophotometer (Bio-Tek μQuant) after removal of
the samples from the wells. CNTs tend to react with tetrazolium salts;70
thus, the proliferation rates were normalized to the absorption of the
detected tetrazolium on control samples without cells. The amount of
tetrazolium reacting with the scaﬀolds was determined for each sample
as explained in the following: 10 000 cells were cultured for 24 h in 96-
well plates prior to adding scaﬀolds to half of the wells, with the other
half serving as scaﬀold-free control. Then, all of the wells were
incubated for an additional time of 4 h with the WST-1 reagent before
quantiﬁcation of the formazan (i.e., product of tetrazolium cell
reaction) amount in each well by a multiwell spectrophotometer. The
amount of tetrazolium that reacted with the scaﬀold was calculated for
each specimen by subtracting the amount of formazan of scaﬀold-
containing wells from scaﬀold-free control wells. The diﬀerence in
absorbance between the scaﬀolds and controls was used as a correction
factor for the data generated with the WST-1 assay.
In addition, the viability of cells was tested according to the ISO
10993 norm. Brieﬂy, 10 000 cells/100 μL REF52 cells were cultured in
a 96-well plate for 24 h. For medium extraction, the scaﬀolds were
incubated in a culture medium at 37 °C for 72 h. The cultured cells were
incubated with either untreated medium or extracted medium for a
further 24 h. To determine cell viability, the colorimetric
methylthiazolyldiphenyl-tetrazolium bromide metabolic activity assay
(MTT; Sigma-Aldrich, Germany) was used. The cells in untreated
medium served as the negative control, and the cells in 20% dimethyl
sulfoxide were the positive control. The absorbance was measured at
490 nm (absorption wavelength of formazan) and 600 nm as a
reference. The results from the cultured cells with extracted medium
were normalized to the values measured for the negative control.
4.6. Protein Adsorption Rate. The protein adsorption rate on the
scaﬀolds was measured by using bovine serum albumin (Pierce;
Thermo Fisher, Germany) as a model protein. Protein solution (1 mL,
1 mg/mL) was added per scaﬀold and incubated at 37 °C in a
humidiﬁed incubator (CO2 5%, humidity 95%). After 48 h, nonadhered
proteins were carefully removed by a pipette and saved for recording.
The scaﬀolds were washed with saline and incubated for a further 48 h
after addition of 1 mL of protein solution. The same procedure was
repeated after 48 h. The concentration of protein in the supernatant was
measured using a Micro BCA protein assay (Pierce; Thermo Fisher,
Germany). To do so, 10 μL of supernatant was mixed with 200 μL of
working reagent and incubated for 30 min. The absorbance was
measured using a microplate reader (Bio-Tek μQuant) at 570 nm. After
calibrating the results with a standard curve provided by the BCA
protein assay kit (Pierce; Thermo Fisher, Germany), the protein
adsorption rate was calculated by subtracting the residual protein
concentration from the initial protein concentration.
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Fabian Schütt: 0000-0003-2942-503X
Yogendra Kumar Mishra: 0000-0002-8786-9379
Norbert Stock: 0000-0002-0339-7352
Felice Torrisi: 0000-0002-6144-2916
Christine Selhuber-Unkel: 0000-0002-5051-4822
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
R.A. gratefully acknowledges partial project funding by the
Deutsche Forschungsgemeinschaft under contract FOR2093.
This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement No. GrapheneCore2 785219. C.S.-U. was supported
by the European Research Council (ERC StG 336104
CELLINSPIRED, ERC PoC 768740 CHANNELMAT) and
the German Research Foundation (RTG 2154, SFB 1261
project B7). M.T. acknowledges support from the German
Academic Exchange Service (DAAD) through a research grant
for doctoral candidates (91526555-57048249). The authors
acknowledge funding from EPSRC grants EP/P02534X/1, ERC
grant 319277 (Hetero2D), the Trinity College, Cambridge, and
the Isaac Newton Trust. We also acknowledge Galen Ream for
critical proofreading.
ACS Applied Materials & Interfaces Research Article
DOI: 10.1021/acsami.8b17627
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX
I
■ REFERENCES
(1) O’Brien, F. J. Biomaterials & Scaffolds for Tissue Engineering.
Mater. Today 2011, 14, 88−95.
(2) Yang, S.; Leong, K.-F.; Du, Z.; Chua, C.-K. The Design of Scaffolds
for Use in Tissue Engineering. Part I. Traditional Factors. Tissue Eng.
2001, 7, 679−689.
(3) Shoulders, M. D.; Raines, R. T. Collagen Structure and Stability.
Annu. Rev. Biochem. 2009, 78, 929−958.
(4) Friedl, P.; Wolf, K. Plasticity of Cell Migration: A Multiscale
Tuning Model. J. Cell Biol. 2010, 188, 11−19.
(5) Langer, R.; Vacanti, J. P. Tissue Engineering. Science 1993, 260,
920−926.
(6) Place, E. S.; Evans, N. D.; Stevens, M. M. Complexity in
Biomaterials for Tissue Engineering. Nat. Mater. 2009, 8, 457−470.
(7) Loh, Q. L.; Choong, C. Three-Dimensional Scaffolds for Tissue
Engineering Applications: Role of Porosity and Pore Size. Tissue Eng.,
Part B 2013, 19, 485−502.
(8) Ganji, Y.; Li, Q.; Quabius, E. S.; Böttner, M.; Selhuber-Unkel, C.;
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R.; Schulte, K.; Adelung, R.; Selhuber-Unkel, C. A Tunable Scaffold of
Microtubular Graphite for 3D Cell Growth. ACS Appl. Mater. Interfaces
2016, 8, 14980−14985.
(34) Mouw, J. K.; Ou, G.; Weaver, V. M. Extracellular Matrix
Assembly: A Multiscale Deconstruction. Nat. Rev. Mol. Cell Biol. 2014,
15, 771−785.
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ABSTRACT: Bone, nerve, and heart tissue engineering place
high demands on the conductivity of three-dimensional (3D)
scaﬀolds. Fibrous carbon-based scaﬀolds are excellent material
candidates to fulﬁll these requirements. Here, we show that
highly porous (up to 94%) hybrid 3D framework structures
with hierarchical architecture, consisting of microﬁber
composites of self-entangled carbon nanotubes (CNTs) and
bioactive nanoparticles are highly suitable for growing cells.
The hybrid 3D structures are fabricated by inﬁltrating a
combination of CNTs and bioactive materials into a porous
(∼94%) zinc oxide (ZnO) sacriﬁcial template, followed by the removal of the ZnO backbone via a H2 thermal reduction
process. Simultaneously, the bioactive nanoparticles are sintered. In this way, conductive and mechanically stable 3D composites
of free-standing CNT-based microﬁbers and bioactive nanoparticles are formed. The adopted strategy demonstrates great
potential for implementing low-dimensional bioactive materials, such as hydroxyapatite (HA) and bioactive glass nanoparticles
(BGN), into 3D carbon-based microﬁbrous networks. It is demonstrated that the incorporation of HA nanoparticles and BGN
promotes the biomineralization ability and the protein adsorption capacity of the scaﬀolds signiﬁcantly, as well as ﬁbroblast and
osteoblast adhesion. These results demonstrate that the developed carbon-based bioactive scaﬀolds are promising materials for
bone tissue engineering and related applications.
KEYWORDS: carbon nanotubes, 3D scaﬀolds, bioactive glass, hydroxyapatite, osteoblasts
1. INTRODUCTION
Bioactive materials are highly important for inducing speciﬁc
cellular responses, particularly in tissue engineering.1 A highly
promising bioactivematerial in bone tissue engineering is silicate
bioactive glass (BG).2 In particular, the presence of CaO in
silicate BG is decisive in the formation of a bone-like calcium
phosphate layer on the material.3 This surface layer results in a
strong connection between the biomaterial and both bone and
soft tissue.4 To expand the interface between BG and tissue, BG
can be prepared as scaﬀolds or incorporated into scaﬀolds.
Depending on the microstructure and fabrication method of the
BG, the Young’s modulus of porous scaﬀolds made of BG can be
varied between 1 and 22MPa.3 In addition, BG can be degraded
by releasing ions into the environment so that a main
component of bone, hydroxyapatite (HA), is formed.3,5 BG is
also known to support the adhesion and proliferation of
osteoblast cells, such as MC3T3-E16−9 and MLO-A5.1,10 In
addition, many studies have shown that the ions released from
BG, including Si, Ca, P, and Cu, play an important role in
enhancing osteoblast proliferation and bone formation.4
Another important bioactive material is hydroxyapatite, as it is
a main component of bone within the human body. It has
frequently been used as a coating to promote bone ingrowth or
as a bone graft substitute.11
BG is often implemented in biomaterials in the form of
composites. Out of such composite systems, BG and carbon
nanotubes (CNTs) have shown to be most promising due to a
mutually beneﬁcial modiﬁcation of the features and functionality
of each other.12 On the one hand, CNTs enhance the features of
BG such as stiﬀness, electrical conductivity, and surface
roughness in several ways: (i) the mechanical properties, such
as stiﬀness and fracture toughness, are improved by the
CNTs,13−15 (ii) the local and overall electrical conductivity is
increased by CNTs,16,17 (iii) CNTs lead to a rougher surface on
the nanoscale and consequently to an improvement of cell
attachment and proliferation.18 On the other hand, BG makes
CNTs more appropriate for biomedical applications by
accelerating biomineralization19 and increasing the concen-
tration of physiologically relevant ions, thus resulting in higher
cell proliferation rates and faster regeneration of soft tissue.20
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To exploit the unique properties of composites made of
CNTs and bioactive materials (such as BG and HA) for tissue
engineering, three-dimensional (3D) scaﬀold fabrication
methods are needed that provide a mechanically stable 3D
environment that supports cell proliferation.21 In such 3D
environments, the pore architecture is one of the most decisive
parameters as it aﬀects cell growth by determining nutrient and
oxygen diﬀusion, waste removal, as well as the growth rate of the
cells. Open porous and interconnected pore architectures are
strongly necessary to facilitate these parameters.22 Commonly
used techniques to generate pores in materials, such as salt-
leaching, freeze-drying, gas foaming, sol−gel crosslinking, and
phase separation only provide very limited control of the internal
pore architecture of the scaﬀold material for tissue engineer-
ing.23 Therefore, rapid prototyping techniques have been
employed recently, which enable the fabrication of scaﬀolds
with control over pore size and architecture together with good
design reproducibility.24 Nevertheless, rapid prototyping
techniques are limited with respect to the biomaterials that
can be printed and they cannot be used to fabricate 3D
structures from nanomaterials only.25
Recently, an inﬁltration-based synthesis method for the
fabrication of porous, 3D scaﬀolds consisting of interconnected
CNT-based microtubes has been reported.26 With this method,
open porous scaﬀolds with total dimensions on the cm3 scale can
be fabricated, resulting in a 3D hierarchical CNT tube (CNTT)
structure with improved mechanical and electrical properties
compared to other 3D assemblies prepared by wet chemistry. As
the reported fabrication method relies on the inﬁltration of
nanoparticle dispersions into sacriﬁcial ZnO templates, in
principle, also other nanoparticle types besides CNTs can be
embedded. Therefore, this method is a great and versatile
starting point for fabricating hybrid 3D scaﬀold materials with
properties that can be tailored towards speciﬁc, electronic,
catalytic, or biomedical applications, e.g., by the incorporation of
bioactive nanoparticles.
We show here that low-dimensional bioactive materials in the
form of bioactive glass and hydroxyapatite nanoparticles can be
integrated into CNTT materials, to make it bioactive and
Figure 1. (A) Sketch of the fabrication process: the porous ZnO templates are inﬁltrated with HA nanoparticles or BGN and CNT dispersions. Due to
the strong capillary forces and superhydrophilic properties of ZnO, the micro-tetrapods are entirely covered with a layer of CNTs and BGN. Later, the
sacriﬁcial ZnO template is removed via H2 etching at 900 °C. The remaining structure consists of self-entangled CNTs as a backbone and sintered
BGN as a bioactive material. (B−J) Scanning electron micrographs: (B) the 3D ZnO sacriﬁcial template consisting of micron-sized ZnO tetrapods,
(C) the ZnO−CNTT−BGN (entangled CNTs + BGN) structure before H2 etching/sintering process, (D) the CNTT−BGN (entangled CNTs +
BGN) structure after H2 etching/sintering, (E, F) the CNTT−HA (entangled CNTs + HA) structure before H2 etching/sintering, (G, H) the
CNTT−HA structure (entangled CNTs + HA) after the H2 etching/sintering. (H) The broken ﬁlament of the CNTT−HA scaﬀold showing that the
structures are made of hollow tubes, (I, J) the CNTT−BGN/HA (entangled CNTs + BGN + HA) structure after H2 etching/sintering (BGN:
bioactive glass nanoparticles, CNT: carbon nanotube, HA: hydroxyapatite).
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supportive for cell growth. The bioactive nanoparticles
incorporated into the scaﬀolds are sintered during a single
step etching/sintering process. The structure of the resulting
material was characterized with scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and X-ray
diﬀraction (XRD). To prove the bioactivity of the scaﬀolds, we
investigated biomineralization as well as their protein adsorption
capacity. In vitro studies demonstrate that ﬁbroblasts and
osteoblasts can adhere to the ﬁbrous structures of the hybrid
CNT network, demonstrating the feasibility of this 3D
composite material for bone tissue engineering.
2. RESULTS AND DISCUSSION
2.1. Bioactive Carbon-Based Scaﬀolds. The successful
fabrication of free-standing, ﬁbrous 3D composite scaﬀolds,
consisting of CNTs and a nanoscale bioactive ceramic
biomaterial has been achieved via a very simple strategy based
on a ceramic template. Figure 1A shows a schematic
representation of the fabrication process, in which compressed
and sintered ZnO tetrapods (Figure 1B) serve as sacriﬁcial
materials. To generate free-standing carbon-based and bioactive
composite structures these 3D and porous (porosity ∼94%)
ZnO templates were inﬁltrated with an aqueous dispersion of
CNTs and either BGN, HA nanoparticles or both of them. Due
to the strong capillary forces and the superhydrophilic properties
of the ZnO template,27 the dispersion is rapidly soaked into the
template during the inﬁltration process. Figure 1C shows an
SEM image of a ZnO template after inﬁltration with CNTs and
BGN. Figure 1E,F show SEM images of the templates after
inﬁltration with CNTs and HA nanoparticles. In the experi-
ments, it is in principle also possible to tailor the amount of
CNTs as well as the amount of BGN and HA nanoparticles
added on the template by controlling the volume of the injected
nanoparticle dispersion into the ZnO network.
To generate free-standing hybrid structures, we needed to
remove the ZnO. This is also necessary to make the materials
biocompatible, as a high amount of ZnO is toxic for cells.28 Most
methods to remove ZnO are based on wet chemistry, e.g., using
diluted HCl. However, since an acidic treatment would also
dissolve the incorporated bioactive materials, a H2 etching
process was used to remove the ZnO.29 At 900 °C, ZnO is
completely reduced by H2, evaporated to Zn (gas) without the
presence of a carbon source, and removed by the employed
carrier gas (argon). In Figure 1D−J, SEM images of the resulting
structures are shown. Figure 1D shows CNT and BGN scaﬀolds
after etching of the ZnO template. Figure 1H,1J show that
broken microtubes are hollow, proving that the entire ZnO
template has been removed during the etching process. The free-
Figure 2. TEM images of CNTT−BGN, CNTT−BGN/HA, and CNTT−HA scaﬀolds. (A, B) The CNTT−HA structure (entangled CNTs + HA),
(C, D) CNTT−BGN structure (entangled CNTs + BGN), and (E, F) CNTT−BGN/HA structure (entangled CNTs + BGN and HA). Yellow and
red arrows point at fused particles. BGN are partially fused to the particles in their vicinity (red arrows) and probably to the CNTmatrix, whereas HA
nanoparticles underwent a greater sintering deformation (yellow arrows). HA particles bridge the gaps between BG nanoparticles in the combined
structure (CNTT−BGN/HA) during the etching/sintering process. HA nanoparticles and BGN in CNTT−BGN/HA scaﬀolds were distinguished by
their shape in the CNTT−BGN and CNTT−HA scaﬀolds.
ACS Applied Materials & Interfaces Research Article
DOI: 10.1021/acsami.8b13631
ACS Appl. Mater. Interfaces 2018, 10, 43874−43886
43876
standing composites are denoted as CNTT−BGN (CNT-based
tubes containing BGN), CNTT−HA (CNT-based tubes
containing HA nanoparticles), and CNTT−BGN/HA (CNT-
based tubes containing both BGN and HA nanoparticles). In
general, the process described here can be easily scaled-up as it is
based on commercially available materials that can all be mass-
produced.
Initially, the CNTs in our scaﬀolds form interwoven layers of
self-entangled CNTs with high mechanical stability similar to
the ones shown in previous work.26 Most importantly, the high
temperature during the ZnO template removal fuses the ceramic
nanoparticles to each other and leads to a physical interaction
with the CNTs, resulting in a hollow free-standing entangled
CNT architecture combined with sintered ceramic nano-
particles (Figure 2). These ceramic nanoparticles are believed
to contribute to a further reinforcement of the mechanical
properties of the scaﬀold (Table 1). Moreover, the geometry of
the networks provides highly accessible interconnected pores
from all sides, whereas the preferential alignment of CNTs in
other 3D assemblies conﬁnes the accessibility of cavities.30
In addition, the porous structure of our scaﬀolds leads to a
large free volume, which should in turn result in higher
bioactivity.31 The scaﬀolds possess up to 94% porosity (Table
S1), thus being in the range of that of other highly porous BG-
containing scaﬀolds.31,32 The porosity of the scaﬀolds presented
is higher than that of 3D printed biomaterials that contain HA
nanoparticles, including HA nanoparticle incorporated poly-
(lactide-co-glycolide) with up to 63.33% of porosity.33,34
Furthermore, due to the interwoven arrangement of CNTs in
the microtubes, we assume that the scaﬀolds possess a similar
conductivity (Table 1) as the recently reported self-entangled
CNT assemblies,26 but with the additional feature that the
incorporated ceramic nanoparticles make the material bioactive.
It is important to note that our scaﬀolds are not intended to
replace bone in load-bearing areas, as their compressive strength
(Table 1) is smaller than that of trabecular bone.35 Instead, the
idea of tissue engineering in this context is to generate scaﬀolds,
which induce the formation of new bone tissue based on the
bioactivity of the scaﬀold.5,11 If the scaﬀold exhibits bioactivity,
the mechanical properties will strengthen upon implantation so
that a new bone is formed.36 The suitability of soft materials for
bone tissue engineering has recently been shown by Huebsch et
al.,37 who used soft hydrogels to induce bone formation. As our
scaﬀolds are bioactive (see Section 2.5) and support osteoblast
growth (see Section 2.6), we are convinced that they are suitable
for bone tissue engineering.
2.2. Morphology and Composition of Ceramic Nano-
particles on CNTT Scaﬀolds. Figure 2 shows TEM images of
CNTT−BGN, CNTT−HA, and CNTT−BGN/HA. The most
striking result from these images is that all generated structures
are free-standing and the ZnO template has been completely
removed. Furthermore, the images show that the ceramic
nanoparticles were fused to each other in the etching/sintering
procedure. In addition, HA and BGNwere fused to each other in
CNTT−BGN/HA composites. Interestingly, BGN mainly
retain their spherical shape and are only slightly fused together.
In contrast, the initially also spherical HA nanoparticles were
deformed to ﬂakes or unevenly shaped particles during the
etching/sintering procedure.
This allowed us to distinguish the particle types even in
CNTT−BGN/HA scaﬀolds (Figure 2E,F). Furthermore, these
images suggest that the HA particles bridged the gaps between
the BGN in CNTT−BGN/HA samples (Figure 2E,F, yellow
arrows). This diﬀerence in the sintering behavior is probably due
to the lower eﬀective sintering point of HA nanoparticles (700
°C) compared to silicate-based BGN (950−1000 °C),38,39 thus
the deformation and fusion of HA particles is more pronounced.
A further interesting result is that the CNTs in the structures do
not seem to be altered by the sintering procedure, even in the
presence of hydrogen.
To check the crystallinity of the ceramic nanoparticles after
the fabrication process, we carried out an XRD study. The XRD
pattern (Figure 3) of a CNTT−HA sample revealed diﬀraction
peaks of HA. In contrast, the XRD pattern of a CNTT−BGN
sample revealed no diﬀraction peaks related to BGN, but
diﬀraction peaks related to α-quartz are recognized. Pristine
BGN are amorphous and only possess broad peaks in the range
of 2θ = 20−35°.40 Since the incorporated BGN had the
Table 1. Conductivity and Compressive Strength of CNTT−HA and CNTT−BGN Scaﬀoldsa
scaﬀold speciﬁc conductivity (S/m) compressive strength (kPa) compressive strength/density (kPa cm3/g) Young’s modulus (MPa)
CNTT−HA ∼0.88 ∼7.2 ∼27 ∼0.4
CNTT−BGN ∼12.7 ∼32 ∼118 ∼1
aThe large discrepancy in conductivity between CNTT−HA and CNTT−BGN is most probably a result of clamping diﬃculties, as the surface of
the material is covered with HA and BGN, respectively. Still, the conductivity is in the range of that of CNTTs without incorporated ceramic
nanoparticles.26
Figure 3. XRD patterns of CNTT−BGN, CNTT−HA, and CNT−
BGN/HA scaﬀolds. CNTTy−BGNx: y and x correspond to the
number of inﬁltrations of CNTs and ceramic (HA or BG)
nanoparticles, respectively (as an example CNTT3−BGN5 means a
ZnO template was inﬁltrated ﬁve times with BG nanoparticles and three
times with CNT dispersion). Due to the smaller diﬀraction of X-rays by
CNTs, the intensity of ceramic peaks is more pronounced in structures
with a lower amount of inﬁltrated CNTs. The XRD patterns of the
CNTT−BGN structures are in conformity with α-quartz peaks, and
CNTT−HA structures mostly with hydroxyapatite (•hydroxyapatite,
*α-quartz). Interestingly, the combined structure (CNTT−BGN/HA)
only reveals the hydroxyapatite XRD pattern.
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composition 92SiO2−8CaO (in mol %),40 their crystallization
behavior is similar to that of pure silica nanoparticles. However,
in this study the processing temperature (900 °C) used for the
fabrication of the scaﬀolds was high enough to cause the
crystallization of silica-based nanoparticles,41 which explains the
appearance of the diﬀraction peaks of α-quartz in CNTT−BGN.
For theCNTT−BGN/HA structure, the diﬀraction pattern only
correlates to that of crystallized HA. In addition, SiO2−CaO-
based BGN sintered at 900 °C should be partially crystallized
according to previous work.41 Importantly, Figure 3 also shows
the eﬀect of diﬀerent amounts of inﬁltrated CNTs: the intensity
of the ceramic peaks decreased if more CNTs had been
inﬁltrated.
The XRD results of the HA-containing scaﬀolds show no
change of the crystalline phase of HA. As the ﬁrst phase
transformation of HA occurs at 1000−1100 °C.42 we assume
that our HA particles are not decomposed at our sintering
temperature (900 °C). Furthermore, in a previous study, no
reaction of multiwalled CNTs (MWCNTs) with glass matrices
to form SiC or other reaction phases in response to sintering
between 850 and 1000 °C was detected by powder X-ray
diﬀraction.43
2.3. Protein Adsorption on Scaﬀolds. The adsorption of
proteins on bioceramics is essential because it inﬂuences cell
adhesion and can facilitate scaﬀold integration into tissues.44 To
investigate the protein adsorption capacity of CNTT−BGN and
CNTT−HA scaﬀolds, we used bovine serum albumin (BSA) as
a model protein. The adsorption capacity of the scaﬀolds was
quantiﬁed for 4, 8, 12, 24, 48, and 72 h of scaﬀold incubation
with protein solution. The bicinchoninic acid (BCA) assay
(Figure 4) shows that the protein adsorption is higher on
CNTT−BGN scaﬀolds than on CNTT−HA scaﬀolds.
This diﬀerence in adsorbing proteins is highest during the ﬁrst
4 h of incubation with proteins and levels out after 8 h of
incubation. Despite the fact that there was a slight diﬀerence
regarding the protein adsorption ratio between the two scaﬀold
types, both exhibited a similar temporal progression of protein
adsorption. This can be explained by the fact that CNTs
presumably play the main role in protein adsorption due to the
high amount of CNTs in the matrix in both the CNTT−HA and
CNTT−BGN scaﬀolds (Figure 1). It is also important to
mention here that the protein adsorption capacity of scaﬀolds is
a decisive parameter for osteoblast attachment.45 As the CNT
matrix can serve as an attachment site for a variety of
extracellular matrix molecules, biomolecules, proteins, and
growth factors, it can further mediate cell proliferation and
adhesion.46 Interestingly, in the present study CNTT−BGN has
a higher adsorption capacity than CNTT−HA (Figure 4).
This result could be due to an electrostatic interaction
between the highly polar BSA and the BGN surface,44 which
might be a result of the etching/sintering process, as explained in
the following: at the sintering temperature of 900 °C, H2 reacts
with silica to form SiOx on the surface of BGN.47 The presence
of SiOx on the surface of BGN can alter the surface charge
density of BGN.48 Therefore, due to a change in surface charge,
the BGN surface might have the potential to bind more BSA
proteins. In addition, previous studies indicated that surface-
modiﬁed bioactive glass adsorbs a higher amount of serum
protein than hydroxyapatite.49
2.4. Ion Release from Scaﬀolds in Phosphate Buﬀered
Saline (PBS). To explore the ion release capability of the
fabricated hybrid scaﬀolds within biologically relevant media, we
measured the concentration of Ca, Si, and Zn ions in phosphate
buﬀered saline (PBS) after 4, 8, 12, 24, 96, 158, 230, 302, and
398 h of incubation with the scaﬀolds using inductively coupled
plasma-mass spectrometry (ICP-MS) (Figure 5). Clearly, the
amount of ions released from the scaﬀolds increased with
incubation time. The release of Zn ions is almost zero (∼5 μg
after 400 h), even after 16 days of immersing CNTT−BGN or
CNTT−HA scaﬀolds in PBS. This proves again that the
sacriﬁcial ZnO templates had been entirely removed during the
H2 etching process. Hence, the hydrogen etching process at
elevated temperatures provides a clear improvement compared
to previously reported methods used for ZnO removal.50 As
shown in Figure 5, a high amount of Ca2+ ions was released into
the PBS from CNTT−HA and CNTT−BGN structures during
the ﬁrst 24 h of immersion (Figure 5). Afterwards, the release
rate of Ca2+ ions was decreased. The high accessibility of Ca2+
ions on the surface of BG and HA nanoparticles leads to a high
Ca2+ ion concentration gradient between PBS and the ceramic
nanoparticles, presumably resulting in a high initial release rate
and a smaller and more stable release rate for longer immersion
times. As expected, we did not measure any Si ion release from
the CNTT−HA scaﬀolds (Figure 5A). In contrast, CNTT−
BGN scaﬀolds released Si ions (Figure 5B) and the release rate
has a similar temporal progression as the one reported on pure
BGN by Zheng et al.,40 though with a slightly lower release rate
than our scaﬀolds. Zheng at al. carried out their experiments in
Dulbecco’s modiﬁed Eagle’s medium (DMEM), whereas we
used PBS. The ions in DMEM could cause the formation of an
amorphous Ca-P layer on the surface of BGN,40 thus leading to a
decreased release rate.
2.5. In Vitro Bioactivity. A highly important indicator for
the ability of scaﬀolds to integrate with bone is the formation of
hydroxyapatite on the scaﬀolds. On our samples, needle-shaped
crystals are formed on CNTT−BGN scaﬀolds after immersion
in a simulated body ﬂuid (SBF) for 7 days (Figure 6A), whereas
such crystals are neither observed on CNTT−HA nor on
CNTT−BGN/HA scaﬀolds after immersion in the SBF. (Figure
6B,C). To explain this, we checked the results from energy
dispersive X-ray spectroscopy (EDS). Our EDS results
Figure 4. Bovine serum albumin adsorption (mean values) on CNTT−
BGN and CNTT−HA scaﬀolds, measured with a BCA colorimetric
assay. BGN containing structures have a slightly higher protein
adsorption capacity compared to CNTT−HA scaﬀolds. (Each
experiment was carried out on three samples and three replicates
each. Error bars: standard deviation.)
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(Supporting Information, Figure S1) show that phosphorus is
present on the surface of CNTT−BGN ﬁlaments after
immersion in the SBF for 7 days, which indicates the formation
of calcium phosphate species.
Additionally, silicon is still present according to the EDS
spectrum of CNTT−BGN indicating that BGN have not
completely dissolved yet after 7 days of immersion in SBF. After
immersion in SBF for 14 days, cauliﬂower-like crystals are
present on CNTT−BGN scaﬀolds (Figure 6D). This is a typical
morphology of hydroxyapatite crystals formed on BG scaﬀolds
after immersion in SBF.51 In addition, spherical BGN are still
present on these scaﬀolds, showing that the time until full
dissolution of the BGN is longer than 14 days. In general, BG is
more surface reactive and has a higher dissolvability than other
bioceramics (e.g., HA).52 Therefore, the formation of bone-like
apatite crystals, which is a result of surface dissolution and ion
exchange, occurs faster on BG surfaces than on HA surfaces in
body ﬂuids. In the study presented here, the apatite forming
ability of the scaﬀolds was improved after coating of BGN in
comparison with HA nanoparticles, considering that the apatite
crystals were observed on CNTT−BGN scaﬀolds after 7 days of
soaking in SBF, whereas no crystals were present on CNTT−
HA. As shown in Figure 6C, the situation for CNTT−BGN/HA
is similar as for CNTT−HA. Inhibited apatite formation occurs
when BGN are mixed with non-reactive or less reactive
materials.53 Our composite coating is like a glass-ceramic
phase with less reactive surfaces, thus reducing the dissolution
and ion exchange. The presence of HA in the coating also
reduces the number of sites for apatite nucleation. Hence,
apatite formation was inhibited in CNTT−BGN/HA scaﬀolds
compared to CNTT−BGN. Interestingly, the formation of
apatite crystals on our CNTT−BGN composite scaﬀolds took
longer than when using pure BGN in SBF, where crystals had
formed after 3 days of immersion.40 This result can be explained
Figure 5. Mean values of ion release from CNTT−HA (A) and CNTT−BGN (B), measured by ICP-mass spectrometry (mean values). The
concentration of released Zn, Ca, and Si ions from immersed CNTT−HA and CNTT−BGN structures in phosphate buﬀer saline represents the
degradation rate of the bioactive ceramics. The concentration of Zn ions was measured to quantify the amount of residual ZnO from the fabrication
process. (Each experiment was carried out using three samples. Error bars: standard deviation.)
Figure 6. SEM images of the scaﬀolds after immersion in the SBF. (A) CNTT−BGN in SBF for 7 days; (B) CNTT−HA in SBF for 7 days; (C)
CNTT−BGN/HA in SBF for 7 days; (D) CNTT−BGN in SBF for 14 days. SEM images plus EDS results (Supporting Information, Figure S1)
conﬁrm the formation of biomineralized hydroxyapatite.
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by the etching/sintering process that is necessary to remove the
ZnO templates and caused the partial crystallization of BGN.
The XRD result (Figure 3) shows the formation of α-quartz
phase in BGN. Such a partial crystallization should not eliminate
the biodegradability and bioactivity of BGN.54 BGN maintain
their bioactivity and biodegradability, though these properties
could be inhibited.55 Nevertheless, the BGN coating promotes
the bioactivity and can therefore also be expected to improve the
osteogenesis and osseointegration of our scaﬀolds.
2.6. Osteoblast and Fibroblast Growth on the
Composite Scaﬀolds. The proliferation and adhesion of rat
embryonic ﬁbroblast and pre-osteoblastic cells (MC3T3-E1) on
CNTT−HA, CNTT−BGN, and CNTT−BGN/HA were
assessed individually using ﬂuorescence microscopy. As the
CNTT scaﬀolds absorb light almost completely,56 optical
imaging was restricted to approximately the ﬁrst 200 μm from
the surface. A long-term (21 days) in vitro study of MC3T3-E1
cells with our fabricated scaﬀolds revealed a surprisingly low
number of dead cells in comparison to live cells (Figure 7) and
that the scaﬀolds support osteoblast growth and adhesion. In
addition, pre-osteoblasts appear to be well supported by all the
scaﬀolds as well.
To investigate cell adhesion further, we also checked the
adhesion of REF52 cells stably transfected with YFP-paxillin.57
Paxillin is an essential part of the ﬁbroblast adhesion
machinery.58 After 4 days of cultivation, ﬁbroblast cells had
well-adhered on all scaﬀold types (CNTT−BGN, CNTT−HA,
CNTT−BGN/HA) (Figure 8). Imaging the paxillin ﬂuores-
cence from adhesion clusters shows tiny and blurry spots (Figure
8A3−F3). Actin ﬁbers are arranged in a meshed-form ﬁbroblast
cytoskeleton rather than stress ﬁbers on all of our scaﬀolds
(Figure 8A1−F1). Such a mesh-like arrangement of actin is
typical for ﬁbroblast adhesion in three dimensions.50,59−61
To investigate cell morphology in our 3D scaﬀold materials,
we studied cell shape and morphology via SEM (Figure 9). SEM
micrographs reveal that the cells were stretched and spanned
between ﬁlaments on all scaﬀolds. Interestingly, most of the
ﬁbroblast cells are stretched between two or three ﬁlaments,
leading to large cell membrane extensions. A comparison of the
SEM images with ﬂuorescence images shows that the cells
within the scaﬀolds are associated with scaﬀold microtubes and
developed physical contact with scaﬀold ﬁlaments (Figure 9,
right column), especially with the CNT matrix. In addition, the
actin ﬁber meshes are elongated between microtubes of the
scaﬀolds (Figure 8). This is in agreement with SEM images
(Figure 9) of ﬁbroblasts on all scaﬀold types, as membrane
projections attach to the microtubes of the scaﬀold. Despite the
ability of the ﬁbroblasts to adhere to the scaﬀolds, an
methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay
(Figure 10) revealed a 5−20% lower growth rate for ﬁbroblasts
compared to the negative control after 1 day of incubation.
Fibroblasts and ﬁbroblast growth factors have an ambivalent
impact on bone growth and osteogenesis. On the one hand,
ﬁbroblast growth factors increase the proliferation of immature
osteoblasts,62 whereas ﬁbroblast growth factors cause apoptosis
in diﬀerentiated osteoblasts and block mineralization,62−64 and
ﬁbroblasts inhibit biomineralized bone nodule formation.65 As
ﬁbroblasts adhere very well to our materials (Figures 8 and 9),
we assume that our material is feasible for tissue engineering
applications.
3. CONCLUSIONS
In summary, we have demonstrated a simple and eﬃcient
strategy to fabricate highly porous composite scaﬀolds made of
self-entangled CNTs in microtube structures with incorporated
bioactive ceramic nanoparticles (BGN and HA). These
Figure 7. Fluorescence images of pre-osteoblast cells (MC3T3-e1) cultured for 21 days on CNTT−HA, CNTT−BGN, and CNTT−BGN/HA
structures. The nucleus of the cells was stained with 4,6-diamidino-2-phenylindole (DAPI) (Hoechst), live cells with calcein AM (green), and dead
cells with propidium iodide (red). All the scaﬀolds support osteoblast adhesion and proliferation. There is only a small number of dead cells after 21
days of cultivation (scale bars: 0.1 mm).
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nanoparticles have been chosen to promote bone tissue
ingrowth. To prepare the scaﬀolds, we have employed a H2
thermal reduction process to etch ZnO and sinter BG or HA
nanoparticles in a single step. The preferential removal of the
ZnO template by the H2 etching/sintering process oﬀers the
opportunity of implementing a variety of ceramic nanoparticles
into the highly porous 3D networks for the fabrication of diverse
hybrid composite structures. Moreover, we have proven that the
incorporation of BGN and HA nanoparticles leads to
biomineralization of the scaﬀolds. Apart from its bioactivity,
the great advantage of our scaﬀolds compared to other 3D
carbon-based porous structures is that its stiﬀness and porosity
Figure 8. Fluorescence images of rat embryonic ﬁbroblasts cultivated for 4 days on CNTT−HA (row A, B), CNTT−BGN (row C, D), and CNT−
BGN/HA (row E, F) scaﬀolds. YFP-paxillin transfected REF cells (focal adhesion sites; yellow) were stained with DAPI (nuclei; blue) and phalloidin
(actin ﬁlament; red). Fluorescence imaging took place in optical sections of 200 μm from the surface inside the material. Small paxillin clusters are
visible in each optical focal plane. Imaging of actin reveals spanned cells with actin meshes. To show more details, ﬂuorescence images of two diﬀerent
regions of each scaﬀold are shown in two rows (scale bars: 10 μm).
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can in principle be tuned. The hollow microtubes lead to a low
density of the scaﬀolds, and thus to an increase in ion release and
electrical conductivity per scaﬀold weight. In addition, the
hollow microtubes can serve as channels for nutrient transport
and in future studies might also be ﬁlled with drugs or growth
factors. The spatial architecture of ﬁbers in the fabricated
structures provides large free space for cell adhesion and both
osteoblasts and ﬁbroblasts were capable of adhesion to the
scaﬀolds and stretched out along the ﬁbers. The bioactivity of
the scaﬀolds together with the electrical conductivity of the
CNTT backbone makes them promising candidates for
applications where porous 3D architectures are essential for
cell growth, stimulation, function, or biomineralization, e.g., in
bone tissue engineering.
4. MATERIALS AND METHODS
4.1. Fabrication of Bioactive Scaﬀolds. The fabrication of the
bioactive cell scaﬀold materials is based on inﬁltrating the bioactive
material into a highly porous (∼94%) ceramic sacriﬁcial template. For
fabricating this template, tetrapodal-shaped ZnO microparticles (t-
ZnO) were prepared using a ﬂame transport approach as described by
Mishra et al.66 To interconnect the microparticles, the loose powder
was pressed into a cylindrical cast (diameter: 12 mm; height: 2 mm)
and sintered at around 1150 °C for 5 h to form a 3D template.27
BGN with a nominal composition of 70SiO2−30CaO (in mol %)
and a particle diameter of ∼400 nm were synthesized by a sol−gel
method as described by Zheng et al.40 Hydroxyapatite (HA)
nanoparticles were bought from Sigma (nanopowder, <200 nm).
CNTs were purchased from Carbobyk (CARBOBYK-9810). The zinc
oxide (ZnO) templates were coated with such nanoparticles using an
inﬁltration process recently described by Schütt et al.26 The ceramic
nanoparticles (BGN and HA) with a concentration of 214.28 ± 11.9
mg/cm3 were dispersed in absolute ethanol (Sigma, Germany). Due to
the high porosity (∼94%) of the template and its superhydrophilic
properties, nanoparticle dispersions are rapidly sucked into the
template and a homogenous coverage is achieved after evaporation of
the solvent. This process can be repeated several times to increase the
amount of inﬁltrated nanoparticles. It is also possible to inﬁltrate
diﬀerent nanoparticle types in sequence so that a composite layer is
formed around the template structure. Here, the templates were
alternately inﬁltrated with a 1 wt % aqueous carbon nanotube (CNT)
dispersion and a 4 wt % ceramic nanomaterial (HA or BGN) dispersion
(in ethanol). The concentration of the ceramic nanoparticles was the
same both for HA and BGN 214.28 ± 11.9 mg/cm3, whereas diﬀerent
CNT concentrations between 32.14 ± 1.78 and 75.00 ± 4.16 mg/cm3
were tested. After ﬁnishing the inﬁltration procedure, the ZnO template
was removed by H2 etching. To do so, the samples were placed in a
sealed quartz tube furnace and the air was replaced by pure argon. The
pressure was adjusted to 200 mbar. Subsequently, the temperature was
increased to 900 °C. Then, an evaporator (170 °C) was used to
decompose urea into ammonia (NH3).
67 At 900 °C ammonia
decomposes to N and H2, thereby etching the ZnO template, resulting
in free-standing, ﬁbrous composite structures of CNTs with bioactive
nanoparticles. Depending on the content of the composite scaﬀolds,
they are called CNTT−BGN (free-standing CNT networks with
BGN), CNTT−HA (free-standing CNT networks with hydroxyapatite
Figure 9. SEM micrographs of rat embryonic ﬁbroblasts (colored in green) cultivated for 4 days on CNTT−BGN, CNTT−HA, and CNTT−BGN/
HA scaﬀolds. Onto all types of structures cell membranes are extended and many adhesion sites are developed. The cells are mainly isolated and
stretched. In the top right image, the ﬁbroblast cell adhered preferentially to CNTs in the presence of CNT and BGN. Nevertheless, they adhered to
HA even in those areas where CNTs are locally covered with HA nanoparticles (image to the right, middle row).
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nanoparticles), CNTT−BGN/HA (free-standing CNT networks with
both BG and hydroxyapatite nanoparticles).
4.2. Characterization. The porosity of the scaﬀolds is obtained as
follows: a deﬁned amount of tetrapodal ZnO powder (here: 0.068 g) is
pressed into a cylindrical shape (12 mm diameter; 6 mm height). The
resulting volume is ∼0.226 cm3 and leads to a density of around 0.3 g/
cm3. Since the bulk density of ZnO is 5.61 g/cm3, the porosity is ∼94%
for the ZnO template. For the preparation of the bioactive scaﬀolds, a
CNT dispersion of 1 wt % and a BGN or HA dispersion of 4 wt % were
used and inﬁltrated into the ZnO templates. The amount of inﬁltrated
dispersion was adjusted to the amount, which was needed to completely
ﬁll the free volume of the template (∼230 μL).
The porosities of the ﬁnal scaﬀold materials were calculated as
follows: by adding 230 μL of a 1 wt%CNTdispersion, around 2.3mg of
CNTs are added to the network. Considering the density for CNTs to
be 1.4 g/cm3 (which is already quite a high value for MWCNTs) the
additional volume is around 0.0016 cm3 for each inﬁltration. By the
addition of 230 μL HA or BGN dispersion 9.2 mg are added.
Considering the densities of BG and HA to be in the range of 2−6 g/
cm3, we obtain an additional volume of 0.0015−0.0046 cm3. Therefore,
in the case of a template that was inﬁltrated ﬁve times with a 1 wt %
CNTdispersion and ﬁve times with a 4 wt %HA or BGNdispersion, we
obtain a porosity between 86 and 93% (depending on the density of
HA, as given by the manufacturer). More information is shown in the
Supporting Information (Table S1).
Electrical characterization was performed using a Keithley 6400
source-meter, which is controlled by a self-written LabView program,
capable of measuring IV curves. Therefore, a sample holder was used in
which the ﬂat sides of the cylindrical samples (d = 6 mm, h = 3 mm)
were connected to copper plates. To ensure a good contact between the
copper plates and the sample surface, conductive silver paste was used
at the interface. To avoid any electrical contact between the sample
holder and the copper plates, Kapton tape was used as an insulator
(Figure S2). The current was measured as a function of applied voltage
(from −1 to +1 V using a step size of 0.1 V).
Mechanical characterization was performed with a self-built setup
consisting of a Mar̈zhaüser Wetzlar HS 6.3 micromanipulator, which is
driven by a stepper motor and a load cell (Burster praz̈isionsmes-
stechnik GmbH & Co KG, type 8523-5050). A self-written LabView
program is used to control all components and measure the force. To
avoid any vibration damping, the whole setup is located on a very rigid
aluminum plate in a box ﬁlled with sand, which is mounted on a
vibration isolated table. For the compression tests, the samples were
placed in between the micromanipulator and the load cell. The samples
were compressed by 2000 μmwith a rate of∼66.67 μm/s and the force
was measured using the load cell. Finally, the stress−strain curves are
evaluated and the compressive strength was determined (Figure S3).
4.3. Protein Adsorption Rate. Bovine serum albumin (Pierce;
Thermo Fisher, Germany) was used to test the protein adsorption
capacity of the scaﬀolds. Quantiﬁcation was carried out using
bicinchoninic acid (BCA; Thermo Fisher, Germany) in a colorimetric
detection assay. For this, each scaﬀold type was immersed and
incubated with 200 μL of bovine serum albumin (BSA) solution (1mg/
mL) for 4, 8, 12, 24, 48, and 72 h. Next, the supernatant was removed
and mixed with 200 μL working reagent (Pierce; Thermo Fisher,
Germany 23225). After 30min of incubation, the protein concentration
in the supernatant was quantiﬁed by a colorimetric microplate reader
(BioTek uQuant) at 570 nm. Adsorption values were calculated by
subtracting the measured protein concentration in the supernatant
from the initial protein concentration in the protein solution before
adding to the samples (1 mg/mL).
4.4. In Vitro Apatite Formation. The ability of the scaﬀolds to
form apatite in vitro was evaluated by immersing the scaﬀolds into the
simulated body ﬂuid (SBF) according to the protocol proposed by
Kokubo et al.68 Brieﬂy, the scaﬀolds were incubated in the SBF at a ratio
of 1 mg/mL at 37 °C and stirred at 90 rpm for up to 14 days. The SBF
was replaced once a week during the incubation period. At every
predetermined time point, the scaﬀolds were removed from the SBF,
gently rinsed with deionized water, dehydrated with acetone, and dried
at 60 °C for 12 h. The apatite formation on the scaﬀolds was assessed by
ﬁeld emission scanning electron microscopy (FE-SEM; Auriga, Carl
Zeiss) and energy dispersive X-ray spectroscopy (EDS; X-MaxNOxford
Instruments).
4.5. Quantiﬁcation of Ion Release. The concentration of ions
released from the scaﬀolds during incubation in PBS (Biochrom,
Germany) at diﬀerent time points was analyzed with inductively
coupled plasma mass spectrometry (ICP-MS). In brief, 15 mg of
scaﬀoldmaterial was placed in 1× PBS for 4, 8, 12, and 24 h at 37 °C as a
short-term experiment. In a long-term experiment the amount of
released ions wasmeasured every 3 days under the same conditions. For
measuring ion release, PBS was extracted and the samples were
immersed in fresh PBS. The extracts were acidiﬁed by 20 μL of nitric
acid (Sigma, Germany). Acidiﬁed pure PBS was used as the control and
the ion concentrations in pure PBS were subtracted from the ion
concentrations measured in extractions to receive the ions released
from the scaﬀolds.
4.6. Sample Preparation for Transmission Electron Micros-
copy (TEM). A tiny piece of a scaﬀold was crushed and dispersed in
butanol prior to dropping small crumbs on TEM grids. Then the
micrographs of structures were taken by TEM (JEOL JEM-2100) at
200 kV.
4.7. Cell Adhesion Assays. 4.7.1. Fibroblasts. The scaﬀolds
(CNTT−BGN, CNTT−HA, CNTT−BGN/HA) were autoclaved at
121 °C and afterwards soaked in DMEM supplemented (Biochrom,
Germany) with 10% fetal bovine serum (FBS, Biochrom, Germany)
and 1% penicillin/streptomycin (Sigma, Germany). Approximately 10
000 rat embryonic ﬁbroblast cells were seeded on each sample. The
cells were incubated on the scaﬀolds for 4 days at 37 °C and 5% CO2.
Afterwards, they were ﬁxed by paraformaldehyde (Thermo Fisher,
Germany) and dried using critical point drying (EMS 3000). Prior to
scanning electron microscopy (Ultra Plus Zeiss SEM, 5 kV), the cells
were coated with a thin sputtered gold layer (Bal-Tec SCD 050, 30 mA,
30 s).
Cell morphology, adhesion, and cytoskeleton were investigated by
ﬂuorescently staining cell nuclei and stress ﬁbers. Cell nuclei were
stained with DAPI (Thermo Fisher, Germany), which binds to DNA,
and stress ﬁbers were stained with Phalloidin (Alexa Fluor 647
Phalloidin, Thermo Fisher, Germany), which binds to the F-actin of the
Figure 10.Cell viability of rat embryonic ﬁbroblasts (REF52wt) treated
with extractions of CNTT−BGN, CNTT−HA, and CNTT−BGN/
HA, measured via an MTT−formazan absorbance assay. Fresh and
untreated culture medium served as control. The result of this MTT
assay reveals a small decrease in the ﬁbroblast proliferation rate on
CNTT−BGN and CNTT−HA, which is more pronounced for the
combined structure containing both HA and BGN (CNTT−BGN/
HA). (Each experiment was carried out in ﬁve technical repeats with
three extractions for each sample. Error bars: standard deviation.)
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cytoskeleton. Images of the stained cells were recorded using a
ﬂuorescence microscope (Olympus IX81, camera: Hamamatsu, UV
lamp: Lumencor).
4.7.2. Osteoblasts. The adhesion of osteoblast-like MC3T3-E1 to
the scaﬀolds was visualized by detecting the ﬁlamentous actin of the
cytoskeleton of cells on the scaﬀolds. Live/dead staining was carried out
to assess the cytotoxicity of the scaﬀolds. In brief, the scaﬀolds were
immersed into MEM (Biochrom, Germany) to stabilize the pH value
prior to the seeding of cells on the scaﬀolds. After the pre-treatment, 0.2
mL ofMC3T3-E1 cell suspension (2× 105 cells/mL) was added on the
scaﬀolds (in 24-well plates). After 3 h of incubation, an additional 1.8
mL ofMEMwas added. The culture mediumwas changed every 2 days.
Tominimize the inﬂuence of cells adhering to the bottom surface of the
well during cultivation, the scaﬀolds were placed into new wells of a 24-
well-plate when exchanging the medium. After 21 days of culture, cell
adhesion on the scaﬀolds was visualized by staining. Cell nuclei were
stained by 4,6-diamidino-2-phenylindole (DAPI, dilactate, Invitrogen),
whereas the live/dead assay was carried out using calcein (Thermo
Fisher, Germany) and propidium iodide (Thermo Fisher, Germany),
according to the manufacturer’s protocol. Images of the ﬂuorescently
stained MC3T3-E1 cells were taken by a ﬂuorescence microscope
(Axio Scope A.1, Carl Zeiss Microimaging GmbH, Germany).
4.8. MTT Assay. The viability of ﬁbroblast cells on the scaﬀolds was
quantiﬁed according to the ISO 10993 norm. In brief, extractions were
prepared by incubating the scaﬀolds at 37 °C in 1 mL culture medium
(DMEM supplemented with 10% FBS and 1% penicillin/streptomy-
cin) for 72 h. 10 000 REF52wt cells were cultured with 100 μL of
medium for 24 h. The supernatant was replaced with 100 μL of
extraction medium, then the cells were incubated for 24 h at 37 °C
again. The number of vital cells incubated with the extraction medium
was measured by adding 50 μL of methylthiazolyldiphenyl-tetrazolium
bromide (MTT; Sigma-Aldrich, Germany) solution. After 4 h of
incubation the absorbance was measured at 570 and 620 nm as a
reference. Fresh and untreated culture medium was used as a negative
control and medium containing 20% dimethyl sulfoxide as a positive
control. The results were normalized to the absorbance measured in the
controls. Five technical repeats were carried out in three independent
experiments.
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ABSTRACT: The coating of porous scaﬀolds with nano-
particles is crucial in many applications, for example to
generate scaﬀolds for catalysis or to make scaﬀolds bioactive.
A standard and well-established method for coating surfaces
with charged nanoparticles is electrophoresis, but when used
on porous scaﬀolds, this method often leads to a blockage of
the pores so that only the outermost layers of the scaﬀolds are
coated. In this study, the electrophoretic coating process is
monitored in situ and the kinetics of nanoparticle deposition
are investigated. This concept can be extended to design a
periodic electrophoretic deposition (PEPD) strategy, thus avoiding the typical blockage of surface pores. In the present work we
demonstrate successful and homogeneous electrophoretic deposition of hydroxyapatite nanoparticles (HAn, diameter ≤200
nm) on a ﬁbrous graphitic 3D structure (ultralightweight aerographite) using the PEPD strategy. The microﬁlaments of the
resulting scaﬀold are covered with HAn both internally and on the surface. Furthermore, protein adsorption assays and cell
proliferation assays were carried out and revealed that the HAn-decorated aerographite scaﬀolds are biocompatible. The HAn
decoration of the scaﬀolds also signiﬁcantly increases the alkaline phosphatase activity of osteoblast cells, showing that the
scaﬀolds are able to promote their osteoblastic activity.
KEYWORDS: tissue engineering, aerographite, hydroxyapatite, 3D scaﬀold, electrophoretic deposition, osteoblasts
1. INTRODUCTION
Designing porous scaﬀolds with a high surface to weight ratio
is important in many disciplines, including catalysis1 and tissue
engineering.2 The functionality of such scaﬀolds could often be
enhanced by integrating nanoparticles on their surfaces: For
example, bioactive nanoparticles, such as hydroxyapatite
nanoparticles (HAn), enhance bioactivity as well as osteogenic
activity of biomaterials.3,4
When used in the context of tissue engineering, it is very
important that the used scaﬀold structurally resembles tissue
architecture and functionality. Therefore, biomaterial scaﬀolds
that mimic the structure of extracellular matrix are highly
promising candidates.5 An example of such a biomaterial
scaﬀold is aerographite (AG), which is a highly porous (up to
99.99%) ﬁbrous carbon-based scaﬀold with a microstructure
similar to that of collagen.6 Furthermore, it can easily be
biofunctionalized with cell adhesion ligands,7 it is electrically
conductive (0.5−3.5 S/m),8 and of ultralight weight (<200
μg/cm3).9 Its fabrication is based on the usage of a sacriﬁcial
and highly porous (∼94%) zinc oxide (ZnO) tetrapod
network, where a chemical vapor deposition process (CVD)
adds a graphitic layer on the surface of the ZnO tetrapods and
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the underneath ZnO is simultaneously removed by the
precursor gases at high temperature in a CVD chamber.9
When the surfaces of ZnO tetrapods are covered with
nanoparticles in the template prior to the CVD procedure,
the underlying ZnO is removed, but the integrated nano-
particles remain intact at the inner surface of hollow arms in
the aerographite structure. Therefore, these remnant nano-
particles get covered with a thin graphite layer and would
presumably lose their actual surface properties. Alternatively,
to access the real surface properties of integrated nanoparticles,
it would be practical to coat such porous scaﬀolds
homogeneously with nanoparticles after their fabrication.
In our research we aimed at the incorporation of bioactive
nanoparticles, such as HAn, into AG, as HAn are prominent
bioactive nanoparticles that promote osteoblast alkaline
phosphatase activity,10 as well as biomineralization on
composites.11,12 Diﬀerent strategies have been developed to
fabricate 3D composite scaﬀolds that contain HAn, for
example polymer scaﬀolds with incorporated HAn,13−15
surface coatings with HAn of Ti6Al4V scaﬀolds,
16,17 or
electrospun composites containing HAn.18 Electrophoretic
deposition (EPD) as one of the eﬀective coating techniques
based on colloidal dispersions has been used extensively to
provide uniform HAn coatings on surfaces.19 In principle, EPD
is carried out in a two-electrode cell. The dispersed dielectric
or charged nano- or microparticles are driven toward the
working electrode by electrophoresis and deposited on the
electrode via particle coagulation.20 Particle deposition during
EPD is generally inﬂuenced by parameters related to
suspension and process.21 As described by Hamaker’s law22
(eq 1), the deposit yield (w) is related to the electrophoretic
mobility (μ), the electric ﬁeld (E), and the particle
concentration in the suspension (C).
∫ μ∝w CE td
t
t
1
2
(1)
Here, the correlation between electrophoretic mobility (μ),
zeta potential (ξ), viscosity of suspension (η), and permittivity
(ε)21 is given through
μ εξ
πη
=
6 (2)
when assuming stable suspension parameters that lead to a
constant electrophoretic mobility (μ). Therefore, the deposit
yield, w, is only inﬂuenced by particle concentration (C) and
electrical ﬁeld strength (E). Ethanol as a solvent with a
viscosity of 1.09 cP and a relative permittivity of 24.5523
provides a stable HAn dispersion with suﬃcient electrical
conductivity and leads to homogeneous deposition.24
The capability of the EPD process in the fabrication of
uniform coatings with adequate thickness control on diﬀerent
and complex material shapes has led to distinguished
applications of EPD in the biomedical ﬁeld.19,21,25 Although
EPD can be successfully applied to generate inorganic
bioactive nanoparticle coatings on metallic substrates,19,26 the
coating of porous 3D structures remains challenging.27 For
instance, exploring HAn deposition on 3D Ti6Al4V scaﬀolds
fabricated by rapid prototyping27 or 3D porous bioglass-
scaﬀold with carbon nanotubes28 using EPD has revealed that
the deposition of nanoparticles mostly occurs on the outer
surface of these scaﬀolds, because their outer pores are quickly
blocked with nanoparticles, thus blocking further nanoparticle
transport into the inner parts of the scaﬀolds. Hence, the
advantages of EPD have so far not been realized for the coating
of 3D scaﬀolds. This is partly due to the so far insuﬃcient
understanding of the EPD process in 3D structures.
In the present work, we have systematically designed a novel
periodic electrophoretic method (PEPD) to homogeneously
integrate HAn into a 3D porous scaﬀold. HAn deposition was
explored by monitoring ﬂuorescently labeled HAn during the
EPD process as well as by determining the kinetics of HAn
deposition and its distribution via X-ray microcomputed
tomography (μCT). A homogeneous HAn distribution
throughout the scaﬀold was achieved by PEPD, where the
parameters deﬁning the diﬀerent deposition periods were
determined by μCT. Our results demonstrate that PEPD
contributes to a deeper nanoparticle transport into the scaﬀold
and limits pore blockage on the surface of the scaﬀold. In
addition, the adhesion and enzymatic activity of osteoblasts
suggest that the generated HAn decorated AG (HAn-AG)
scaﬀolds have the potential to serve as 3D materials in tissue
engineering applications.
2. EXPERIMENTAL SECTION
2.1. Preparation of Aerographite (AG) Samples. AG was
fabricated based on a well-known one step conversion of tetrapod
shaped ZnO templates via a CVD process.9 Brieﬂy, the loose powder
of tetrapod-shaped ZnO templates was synthesized by a ﬂame
transport synthesis.29 The ZnO tetrapods were then pressed into
tablets of cylindrical shape (height = 3 mm, diameter = 6 mm) at a
density of 0.3 g/cm3 and subsequently heated for 5 h at 1150 °C to
form interconnected networks. These 3D ZnO templates were then
replicated into interconnected graphitic microtube structures, called
aerographite, by CVD at ∼760 °C under an argon and hydrogen
atmosphere and toluene as carbon source.30 The obtained
interconnected graphitic microtube structure is known and referred
to as AG in this study.
2.2. Electrophoretic Deposition of HAn. HAn dispersions were
prepared at diﬀerent concentrations by adding 0.2, 1, and 2 g/L
hydroxyapatite powder (≤200 nm, Sigma, Germany) to 50 mL of
absolute ethanol (analytical grade, Sigma, Germany). The pH of these
dispersions was adjusted to approximately 4 by gradually adding HCl
(Sigma, Germany). Prior to EPD, the dispersions were sonicated
(Bandelin electronics, Germany) for 1 h at room temperature. In
order to sediment larger particles, the dispersion was kept stable for
15 min before running the EPD process. In the electrophoresis setup,
a cylindrical stainless-steel electrode (diameter: 26 mm, height: 10
mm) was used as a counter electrode. The AG samples served as the
working electrodes and were connected to a power supply by a
platinum wire. The distance between the counter electrode and the
working electrode was 10 mm. The EPD process was performed at a
constant voltage of 10 V, and current changes were simultaneously
recorded by a potentiostat instrument (ET&TE Etch and Technology
GmbH, Germany). The samples were dried using critical point drying
(CPD, instrument: EMS 3000) after ﬁnishing EPD. Afterward, the
HAn decorated AG (unsintered HAn) scaﬀolds were heated in a
highly vacuumed (1.0 × 10−7 Torr) quartz tube furnace at 1100 °C
for 5 h at a heating rate of 2 °C/min. The scaﬀolds were studied using
a scanning electron microscope (Ultra Plus Zeiss SEM, 5 kV).
In PEPD, the EPD (1 min at the above-mentioned speciﬁcations)
and CPD processes were repeated three times. After the ﬁnal CPD
process, the scaﬀolds were heated as described before.
HAn deposit yield was measured by subtracting the weight of the
AG scaﬀold before and after the EPD process.
2.3. Monitoring the EPD Process with Fluorescence
Microscopy. In order to image the temporal progression of HAn
deposition on AG, the HAn were labeled with a ﬂuorescent dye
(OsteoImage, Lonza, Germany). Brieﬂy, a dispersion of 0.2 g/L HAn
in OsteoImage dilution buﬀer (Lonza, Germany) was prepared. The
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staining reagent was diluted 1:100 in the dispersion to the ﬁnal
calculated volume. After 30 min incubation at room temperature, the
HAn were removed from the dilution buﬀer by centrifuging the
dispersion. The HAn were washed 3 times with washing buﬀer
(Lonza, Germany) for 5 min in each round. The stained HAn were
dispersed at a concentration of 0.2 g/L in absolute ethanol. The EPD
setup was placed on a ﬂuorescence microscope so that an in situ
recording of HAn deposition was possible. Also here, a constant
voltage of 10 V and a distance of 10 mm between the electrodes were
used. The deposition of ﬂuorescently labeled HAn was recorded in
situ (Olympus IX81, camera: Hamamatsu, UV lamp: Lumencor). The
recorded videos were analyzed frame by frame by the cellSens
Dimension 1.16 software (Olympus). Each frame was image
processed by thresholding. Thresholding was done by considering
the background intensity as a ﬁxed constant and replacing each pixel
with a red pixel if the intensity is higher than this constant.
2.4. Mechanical Characterizations of Scaﬀolds. Mechanical
characterizations of the scaﬀolds were performed using a self-built
setup consisting of a Maerzhaeuser Wetzlar HS 6.3 micromanipulator,
which is driven by a stepper motor and a Kern PLE 310−3N precision
balance. The whole setup is located on a very rigid aluminum plate in
a box ﬁlled with sand, which is mounted on a vibration-isolated table.
Stress−strain curves were measured by placing the sample in between
the micromanipulator and the balance. For compression tests, the
micromanipulator deforms the sample by a user-deﬁned step-size
(here 25 μm) and deformation (here 2 mm), and the force is
measured by the precision balance at each step with a settling time of
4 s. From the obtained stress−strain curves the Young’s modulus is
determined.
2.5. Cell Experiments. Preosteoblast cells (MC3T3- E1) were
cultured in αMEM (Sigma, Germany) at 37 °C, 5% CO2 and 90%
humidity. The medium was supplemented with 10% Fetal Bovine
Serum (FBS; Biochrom, Germany), 2 mM Glutamine (Sigma,
Germany) and 1% penicillin/streptomycin (Sigma, Germany). Prior
to any cell experiments, the samples (AG, 1 min EPD, 30 min EPD,
PEPD 2 g/l) were autoclaved at 121 °C and immersed into fresh
culture medium. To check the recrystallization of HAn during the
autoclave process, the crystallinity of HAn were studied by X-ray
diﬀraction (XRD). Approximately 20,000 cells were seeded on each
scaﬀold in a 24 well plate (SARSTEDT, Germany). Cells were grown
on the scaﬀolds for 4 days. To investigate cell morphology,
proliferation and adhesion on the scaﬀolds, cell nuclei were stained
with DAPI (ThermoFisher, Germany), which binds to DNA, and
actin stress ﬁbers were stained with Phalloidin (Alexa Fluor 647
Phalloidin, ThermoFisher, Germany). Imaging was carried out using
ﬂuorescence microscopy (IX81, Olympus, Germany). For electron
microscopy, cells were ﬁrst ﬁxed by paraformaldehyde (Thermo-
Fisher, Germany) and then dried using critical point drying (EMS
3000). A thin layer of gold was sputtered (Bal-Tec SCD 050, 30 mA,
30 s) onto the samples prior to scanning electron microscopy (SEM)
imaging (Ultra Plus Zeiss SEM, 5 kV).
The viability of preosteoblast cells (MC3T3-E1) on the scaﬀolds
was quantiﬁed according to the ISO 10993 norm. Brieﬂy, 10,000
preosteoblast cells were cultured with 100 μL culture medium
(αMEM supplemented with 10% FBS and 1% penicillin/streptomy-
cin) for 24 h. The medium was replaced with extract medium
(prepared by incubation of 1 mL culture medium with the scaﬀold for
72 h at 37 °C) for 24 h. To determine the number of viable cells the
methylthiazolyldiphenyl-tetrazolium bromide (MTT; Sigma-Aldrich,
Germany) metabolic activity assay was used with cells incubated in
untreated medium as negative control and cells incubated in 20%
DMSO as positive control. The results were normalized to the
absorbance measured in the negative control.
2.6. Protein Adsorption Rate. To quantify the protein
adsorption rate on the scaﬀolds we used bovine serum albumin
(Pierce; ThermoFisher, Germany) as a model protein. One mL of
protein solution (1 mg/mL in bidest. water) was added per sample
and incubated at 37 °C, 5% CO2 and 90% humidity. After 24 h, the
amount of nonadhered proteins was measured using a micro
bicinchoninic acid (BCA) protein assay (Pierce; ThermoFisher,
Germany). Ten μL of supernatant of nonadhered protein solution
were mixed with 200 μL working reagent and incubated for 30 min.
The absorbance was measured with a microplate reader (Bio-Tek
μQuant, USA) at 570 nm. The results were calibrated/normalized
with a standard curve and the amount of protein adsorption was
calculated by subtracting the residual protein concentration from the
initial protein concentration. In order to demonstrate the statistical
Figure 1. Schematic (A) and SEM micrographs (B1−6) of AG and HAn deposition on AG. (A) Ceramic HAn are electrophoretically deposited on
the graphitic 3D network of AG and sintered to form a homogeneous layer. (B1−B2) Pure aerographite scaﬀold; (B3−B4) HAn-decorated
microﬁlaments of AG before sintering, revealing a homogeneous distribution of HAn; (B5−B6) HA nanoparticles on AG after sintering.
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signiﬁcance for protein adsorption, a student’s t test (Origin software)
was carried out.
2.7. Alkaline Phosphatase Enzyme Activity Measurement.
20,000 MC3T3-E1 cells were seeded on each scaﬀold in a 24 well
plate. After 4 days the medium was removed and the samples were
gently rinsed with ice-cold 1x PBS. One mL of lysis buﬀer at 4 °C
(0.1% Triton-X 100 in PBS) was added to each well and the samples
were kept at 0 °C with constant shaking at 200 rpm. The lysates were
transferred to microcentrifuge tubes and centrifuged at 20,000 rpm for
10 min. Thirty μL aliquot supernatant taken from each sample was
mixed with 50 μL p-Nitrophenyl Phosphate (pNPP) and incubated
for 1 h at 37 °C. The reaction was stopped by adding 20 μL of 3N
NaOH. The absorbance was measured at 405 nm. Two independent
experiments, each in three technical repeats, were carried out. All the
results were normalized to the protein content of the cells, which was
measured using the Pierce BCA protein assay kit. In order to
demonstrate the statistical signiﬁcance for alkaline phosphatase (ALP)
activity, a student’s t test (Origin software) was carried out.
2.8. X-ray Microcomputed Tomography and Image Pro-
cessing. μCT data were acquired and reconstructed using a GE/
Phoenix Nanotom benchtop μCT with a voxel size of 3.5−3.7 μm. In
the obtained images the connected bright pixels represent areas with
more absorption, hence the areas with more HAn. A “mean” ﬁlter
with a pixel amount of 3 × 3 × 3 was applied to the original data to
enhance the contrast between the background and the sample
(ImageJ (Fiji)). The improved data set was segmented with Ilastik.
Whereby, the partition of an image into multiple segments/objects is
called “segmentation”. As the results of the segmentation, the HAn-
AG scaﬀolds (mostly consisting of the shell) and the background were
set to the labels with values 1 and 0 accordingly. To minimize the
calculation time, a region of interest (ROI) was deﬁned. The ﬁnal
graph was generated with Matlab (Matlab R2015a, R2016a). The
thickness distribution of the deposited layer was measured via ImageJ
(Fiji).
3. RESULTS AND DISCUSSION
AG is a highly porous example of a ﬁlamentous network of
carbon-based microtubes9 (Figure 1A,B1). Due to its structural
features, it is highly interesting for bone tissue engineering,
particularly as an artiﬁcial substitute for spongy bone.
Representative SEM images of the AG network are shown in
Figure 1(B1,B2). The AG has an interstitial space of 10 to 100
μm between ﬁlaments and ﬁlaments with diameters between
0.5 and 3 μm. However, the inert and superhydrophobic
nature of bare AG7,9 hampers its application in tissue
engineering. To improve cell adhesion, one can either choose
to chemically biofunctionalize the AG7 or to coat the AG
ﬁlaments with bioactive substances, as these should promote
biomineralization and osteogenesis.31,32
Figure 2. Overview of HAn deposition on AG. (A) EPD process for HAn deposition on AG. Schematic representation of a highly porous AG
network consisting of graphitic micrometer-sized tetrapods before EPD (left scheme). Sketch of the HAn-AG sample after EPD, the inner area of
the sample is partially covered with HAn. EPD process for HAn deposition on the AG (middle scheme). The surface is covered with a dense layer
of HA nanoparticles. EPD process for HAn deposition on the AG (right scheme) (B) Higher magniﬁcation SEM image of an inner area in the 3D
HAn-AG scaﬀold. (C) SEM image of the surface of HAn-coated AG, showing a dense layer of deposited HAn on the outer part of AG that blocks
the inﬂow of further HA nanoparticles and dispersant (right of the yellow line).
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To include bioactive nanoparticles, such as HAn, into AG,
they need to be incorporated after the fabrication of the porous
scaﬀold, and electrostatic forces appear to be perfect as external
mediators to immobilize the HAn in the scaﬀold. Therefore,
we implemented EPD as a simple and low-cost method to
decorate the AG scaﬀolds with HAn. Figure 2A shows the EPD
method to cover the AG ﬁlaments with HAn. The decoration
process is based on the mobility of charged HAn (≤200 nm)
in an ethanol-based HAn dispersion. Since ethanol is an
amphiphilic molecule,33 the superhydrophobic AG is readily
immersed into the ethanol-based HAn dispersion and the HAn
dispersion (0.2 g/L) can freely and without constraints pass
through the open interconnected structure of the AG
framework. After immersion of AG in the HAn dispersion,
the EPD process was carried out for 2 h at 10 V. The HAn
decorated AG (HAn-AG) scaﬀolds were dried by CPD to
avoid destructive inﬂuences of surface tension during ethanol
evaporation. We assume that the charged HAn are
immobilized on the ﬁlaments via electrostatic and van der
Waals forces, as they are not removed during the CPD process.
SEM was performed to study the deposited particles on the
surface of AG ﬁlaments (Figure 2B−C). The SEM images
show that the inner parts of the scaﬀolds are not covered
densely (Figure 2B), whereas a dense coverage is clearly visible
on the outer areas of the HAn-AG scaﬀold (Figure 2C). This is
a typical phenomenon observed when coating porous scaﬀolds
with nanoparticles using EPD, which is likely attributed to the
electrical potential and suspension ﬂow diﬀerence between the
surface of the scaﬀolds and inside the scaﬀolds.27,28,34 During
the immersion of AG into the HAn dispersion, the initially
trapped particles are presumably deposited on the nearest
surface of the graphitic ﬁlament as shown in Figure 2A. By
continuing EPD, the HAn are fed from the suspension
reservoir between the AG network and the cylinder counter
electrode. These particles are electrostatically deposited on the
closest ﬁlament to them, which is located on the outer area of
AG network. This is due to higher accessibility to the
dispersion ﬂow (Figure 2A,C), thereby forming a dense
coverage on the outer surface of HAn-AG scaﬀolds. Similar
deposition phenomena on 3D structures have been reported
on other types of scaﬀolds, such as HAn coated Ti6Al4V
scaﬀolds with ﬁber spacings between about 700 and 1050
μm27,34 or carbon nanotubes on porous bioglass scaﬀolds.28 It
was also suggested that the electrical potential diﬀerence
between the surface and the center of scaﬀolds would increase
the deposit yield on the outer surface of 3D networks.27
In principle the deposit yield is a function of the applied
potential.21 Higher applied voltages (>100 V) result in a higher
deposit yield, but the deposition of the particles in the coating
does not occur in a close-packed manner. In addition, high
ﬁelds increase electrophoretic mobility, leading to movement
and deposition of huger particles as well.21 To avoid an
inhomogeneous coating as much as possible, all of our
experiments were carried out at low applied ﬁelds (10 V) to
improve the inhomogeneity of coating. At a constant applied
voltage (10 V), initially the current is decreased drastically
within 1 min right after running the EPD process and then is
maintained relatively constant (Figure 3). The deposited
particles appear to form an insulating layer on the AG surface
(Figure 2A,C), which can lead to a decrease in electro-
phoresis.35 In addition, the deposit yield is increased while the
deposition current is decreased asymptotically (Figure 3). The
HAn concentration in the suspension is reduced during the
EPD process, as more and more particles are added to the
scaﬀold. Consequently, a decreasing deposit yield with
deposition time can be attributed to the formation of an
insulation layer (i.e., deposited HAn) on the surface and the
decrease in particle concentration in the suspension.
Our main goal was to avoid a blockage of the outer pores by
clustered HAn. This was achieved by stopping the EPD
process before the pores were blocked, and periodically
repeating it several times. For this it is necessary to have
detailed knowledge about the deposition kinetics of HAn on
AG. Therefore, the distribution of HAn on the HAn-AG
scaﬀolds was investigated in 3D after 30, 60, and 120 min EPD
using μCT (Figure 4). The 3D reconstruction of deposited
HAn (Figure 4A−C, Supporting Information, Video S1)
reveals an inhomogeneous thickness of the deposited HAn
layer (shell) on the surface of AG. In contrast, less dense HAn
distributions are present on the inner parts of AG (Figure
4B,D). In most of the investigated areas, there is a thick layer
of HAn, whereas in some areas there is almost no coverage
(Figures 4E−H). The distribution of deposition thickness
reveals an average shell thickness of 62 ± 7 μm for 30 min
EPD, 81 ± 21 μm for 60 min EPD, and 134 ± 70 μm for 120
min EPD samples (Figure 4H). These results suggest that the
deposition of HAn preferentially occurred on speciﬁc areas of
the AG as is explained in the following: AG consists of micron-
sized graphitic tetrapods (Figure 1A, 1B, 2A), which lead to an
uneven surface on the micron scale. Consequently, we assume
that the uneven surface of AG leads to a higher electrical
charge density or depletion zones in diﬀerent areas during the
EPD process, resulting in diﬀerent HAn deposit yields on
diﬀerent parts of the AG surface. The relevance of surface
structure on the results of EPD has recently been
demonstrated for hydroxyapatite deposition on Ti6Al4V
scaﬀolds.27
In order to identify the dynamics of HAn deposition on the
AG scaﬀolds during EPD, we used a method to ﬂuorescently
label HAn and then investigated its deposition using a
combined setup of EPD and a ﬂuorescence microscope. As
Figure 3. Deposition current (blue) of the EPD process (10 V) and
deposit weight, the light blue curve represents the error bar. Deposit
weight (black) of HA (0.2 g/L HA in ethanol) on AG. Error bars
denote standard deviation; each data point of deposit weight is the
average of ﬁve experiments. (Error bars represent ± standard
deviation, n = 5).
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Figure 4. 3D reconstruction of μCT data of HAn deposition on AG after sintering. (A−C) Partial/diﬀerent views on segmented data of HAn
deposition on AG scaﬀolds after 60 min EPD. In order to distinguish the HAn on diﬀerent parts of the scaﬀold more easily, the HAn on the shell
and on inner parts are colored as blue and yellow, respectively. The images show a dense layer of deposited HAn on the outer surface of AG (blue
shell) (A,C), and the distribution of less dense HAn structures on the inner parts of AG (yellow dots) (B). (D) SEM image of an inner area in the
3D HAn-AG scaﬀold. (E−G) Representative longitudinally sectioned slices of tomography 3D reconstructed data of HAn deposition on AG
scaﬀolds after 30 min EPD (E), 60 min EPD (F), and 120 min EPD (G). Red scale bars represent 500 μm. (H) Layer thickness measurement of
deposited HAn on the outer area of AG scaﬀolds after vacuum sintering. Error bars represent ± standard deviation, n = 3.
Figure 5. HAn deposition on the surface of AG in EPD. The deposition of ﬂuorescently labeled HAn on the surface of AG was observed and
recorded in situ with a ﬂuorescence microscope. (A) The lateral deposition of HAn (green) on the AG ﬁlaments shows the increase of the area
covered with HAn over time. (B) Area fraction of porosity, revealing a decreasing pore size with EPD time. (Mean value: green line, error bar: blue
line). The images show the ﬂuorescently labeled HAn on the surface of AG after three diﬀerent EPD times (1, 30, and 60 min). The HAn deposit
on the AG ﬁlaments (box A) and area fraction of porosity (box B) is illustrated in red after image thresholding. (Error bars represent the mean ±
standard deviation, n = 4).
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AG is opaque and a good light absorber,9 the recorded images
show the AG ﬁlament in black and the ﬂuorescently labeled
HAn in green. The deposition was recorded as a video with
illumination time of 1 s (Supporting Information, Video S2a).
The fraction of porosity in a predeﬁned area is calculated by
normalizing the gained ﬂuorescent area to the ﬁrst frame,
where basically no HAn coverage can be seen. After running
the EPD process for a few seconds, AG ﬁlaments are well
visible as green ﬁbers, as they are all covered with ﬂuorescently
labeled HAn, which emit green light (Figure 5). The increasing
thickness of green ﬁlaments indicates the progressive
deposition of HAn on the outer surface of AG. According to
the direction of imaging, which is perpendicular to the surface
of AG, only lateral changes of HAn deposition on the ﬁlaments
in the focal plane (Supporting Information, Figure S1) are
detectable. The lateral increase in HAn thickness on the
ﬁlaments and the simultaneous decrease in the porosity of the
AG are clearly visible within the 60 min of recording EPD
(Figure 5B). The frame by frame analysis of the recorded
movies proves the lateral growth of the deposited HAn (Figure
5A) whereas the lateral deposition rate is reduced asymptoti-
cally, which is in agreement with the results of deposit yield
(Figure 3). The closure of pores on the surface of AG appears
to have slightly the same trend as the deposition itself. After 60
min EPD, about 60% of the pores are blocked by HAn (Figure
5B).
From these results, it is clear that the classical application of
EPD for coating 3D scaﬀolds by HAn is limited, as pores are
blocked and the HAn cannot reach deeper areas of the AG. To
overcome this problem, we designed a periodic EPD (PEPD)
process, which stops EPD before the pores are blocked and
restarts several times. In our experiments, the EPD process was
stopped after 1 min, which is the time at which the deposition
current turns into a steady state (Figure 6A). Then, the HAn-
AG scaﬀolds were dried with CPD and reimmersed into the
HAn dispersion. Then, EPD is restarted. Due to the formation
of the insulation layer, the deposition current is reduced after
each periodic step (Figure 6A). This is in agreement with SEM
images of HAn-AG (Figure 6C,D) that also show a denser
coating layer of HAn on AG ﬁlaments after 3 times of periodic
1 min EPD compared to the single EPD process that ran for 1
min. In order to check the potential of PEPD to also coat
interior volumes of the AG with HAn, we tested the periodic
process with higher concentrations of HAn dispersions, i.e. a 5
Figure 6. Overview of HAn deposition on AG for diﬀerent dispersion concentrations. (A) Deposition current of the EPD process for diﬀerent
dispersion concentrations. After 1 min, the EPD process was stopped and each sample was dried using CPD. This cycle was repeated three times.
(B) Deposit weight of HAn for diﬀerent EPD parameters. (C−F) SEM images of the inner parts (almost middle) of the HAn-AG scaﬀolds. (C)
After 1 min EPD (dispersion concentration: 0.2 g/L, 10 V). (D) After PEPD (dispersion concentration: 0.2 g/L, 10 V). (E) After PEPD
(dispersion concentration: 1 g/L, 10 V). (F) After PEPD (dispersion concentration: 2 g/L, 10 V). (Error bars: ± standard deviation, n = 5, scale
bars: 10 μm).
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Figure 7. Overview of bioactivity and protein adsorption of HAn-AG scaﬀolds. (A) Albumin adsorption on the HAn-AG scaﬀolds. (B) ALP
enzyme activity of preosteoblast cells (MC3T3-E1) on the AG and HAn-AG scaﬀolds. In order to demonstrate the statistical signiﬁcance, a
student’s t test was carried out. The signiﬁcance level was set as *p < 0.05, **p < 0.01, and ***p < 0.001.
Figure 8. SEM micrographs of preosteoblast cells (MC3T3-E1) cultivated for 4 days on AG and HAn-AG scaﬀolds. Scale bars are 20 μm for the
column to the left, 10 μm for the central column, and 1 μm for the column to the right. SEM imaging took place approximately up to 300 μm from
the surface of the scaﬀolds and shows that cells are homogeneously covering these areas. In addition, cells spanned and stretched along the tube-
shaped ﬁlaments of AG networks. All the structures support preosteoblast growth. The cells in SEM images were highlighted with green color
(Photoshop) in order to distinguish them more easily.
ACS Biomaterials Science & Engineering Article
DOI: 10.1021/acsbiomaterials.9b00102
ACS Biomater. Sci. Eng. XXXX, XXX, XXX−XXX
H
times (1 g HAn/L) and 10 times (2 g HAn/L) more
concentrated dispersion. A denser coating layer was deposited
on the AG ﬁlaments when a higher HAn concentration was
used in the dispersion (Figure 6B,E,F), which can be attributed
to the deposition of a denser coating by using the more
concentrated dispersions.21 Interestingly, based on SEM
observations from the HAn decorated-scaﬀolds via PEPD for
all investigated concentrations (0.2, 1, 2 g HAn/L) (Figure
6C−F), the outer pores of the scaﬀold were not blocked using
this procedure. To stabilize the HAn further on the AG, a
sintering process was applied, which slightly deformed the
HAn and fused them to each other (Figure 1B5,B6).
Figure S3 shows Young’s moduli of AG, 1 min EPD, 30 min
EPD, and PEPD 2g/L. AG has the lowest Young’s modulus
with ∼22 kPa, which is in the range of previously reported
values.9 1 min EPD and 30 min EPD scaﬀolds have Young’s
moduli of ∼27 kPa and ∼35 kPa, respectively. Thus, coating
the scaﬀolds with HAn results in mechanical reinforcement of
bare AG, and the reinforcement is higher the longer EPD takes
place. This can be attributed to a thicker HAn shell on the
surface of the 30 min EPD scaﬀold (Figure 4). Interestingly,
the PEPD 2g/L scaﬀold is much stiﬀer than the other scaﬀolds
(AG, 1 min EPD, 30 min EPD), with a Young’s modulus of
∼59 kPa. Presumably, the more homogeneous and higher
amount of deposited HAn (Figure 6) on the PEPD 2g/L
scaﬀold is the reason for this reinforcement. These results
conﬁrm that PEPD is a successful strategy to also increase the
Young’s modulus of the AG scaﬀold.
To prove the applicability of the HAn-AG scaﬀolds in
bioengineering applications, we investigated the protein
adsorption capacity of AG and HAn-AG prepared with 1
min, 3 min EPD (10 V, dispersion concentration 0.2 g/L), and
PEPD (10 V, dispersion concentration 2 g/L, 1 min). The
protein adsorption capacity of these scaﬀolds was investigated
by immersion in bovine serum albumin (BSA) as a model
protein for 24 h. For quantifying protein adsorption, a BCA
assay was used. The PEPD at 2g/L, 30 min EPD, and 1 min
EPD samples show higher protein adsorption than AG,
respectively (Figure 7A). Furthermore, the protein adsorption
capacity of the scaﬀolds is proportional to deposit yield, where
the pure AG scaﬀold has the lowest amount of adsorbed
proteins and the HAn-AG scaﬀold prepared with PEPD
Figure 9. Representative ﬂuorescence images of preosteoblast cells (MC3T3-E1) cultivated for 4 days on AG and HAn-AG. Scale bars are 100 μm
for the column to the left, 50 μm for the central column, and 20 μm for the column to the right. MC3T3-E1 cells were stained with DAPI (nuclei;
blue) and phalloidin (actin; red). Fluorescence imaging took place in optical sections of up to 200 μm from the surface of the scaﬀolds. The images
reveal the adhesion and growth of preosteoblast cells on all scaﬀolds.
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adsorbs the highest amount of proteins (Figure 7A). This
eﬀect can be explained by the fact that HA has a greater
protein adsorption capacity compared to graphite,36 so that the
scaﬀold with the highest amount of deposited HAn can be
expected to have the highest protein adsorption capacity. An
additional contribution to the increased protein adsorption
capacity of HAn-AG compared to AG might be the increase in
surface area due to HAn coating, as the diameter of the
microﬁlaments increases. Protein adsorption of speciﬁc
adherent proteins onto bioceramics facilitates osteoblasts
adhesion;37 hence, our HAn-AG scaﬀolds should be suitable
for promoting osteoblast adhesion as well.
To further prove the ability of the HAn-AG scaﬀolds to
serve as materials for bone cell growth, we investigated the
growth of preosteoblast cells (MCT3T3-E1) on the diﬀerent
types of AG-derived scaﬀolds. MTT tests (Figure S5) show a
negative eﬀect of neither HAn-AG nor pristine AG on
MCT3T-E1 cells. SEM images taken up to 300 μm sample
depth reveal that all the scaﬀolds support the growth of
osteoblast cells (Figure 8). Preosteoblast cells grow densely on
the HAn-AG scaﬀolds and are elongated on the scaﬀold
ﬁlaments (Figure 8). This is supported by contact formation of
the cellular plasma membranes with the HAn (Figures 8, right
column) and the high density of osteoblasts on all the scaﬀolds
(PEPD 2g/l, 1 min EPD, 30 min EPD, AG). The SEM images
shown in Figure 8 demonstrate the potential AG to support
the growth of osteoblasts and adhesion on its network. These
results are in good agreement with earlier ﬁndings, where a
graphene substrate promoted the adhesion of osteoblasts.38
Additional SEM images of preosteoblast cells deeply inside (up
to 3 mm) the scaﬀolds without HAn shell (AG, 1 min EPD,
PEPD 2g/L) (Figure S6) reveal cell colonization inside the
structures, not only on their surface. To prove the inﬂuence of
HAn on osteoblast activity further, the ALP (alkaline
phosphatase) activity of osteoblasts on the diﬀerent scaﬀolds
after 4 days of culturing was tested using a pNPP based ALP
activity assay. Interestingly, the ALP activity of osteoblasts was
enhanced by ∼30% on the bare AG scaﬀold and signiﬁcantly
(p ≤ 0.001) up to two times on HAn-AG scaﬀolds (Figure 7B)
compared to the control on a plastic dish. In the presence of
HAn, the enzyme activity was signiﬁcantly increased with a
slight dependence on the concentration of HAn on the
scaﬀolds compared to bare AG. This indicates that the HAn-
AG scaﬀolds improve the functional activity of osteoblast cells.
In addition, adsorbed proteins from FBS in the medium might
also contribute to the functional activity of osteoblasts.
Furthermore, released ions from HAn during the culturing
period, as previously demonstrated by Gustavsson et al. for the
release of Ca2+ and Pi in culture media,
39 can signiﬁcantly
enhance osteoblastic phenotype expression levels (e.g., ALP
activity) by aﬀecting extracellular signaling.40 Although
graphene substrates promote the adherence of human
osteoblasts and mesenchymal stromal cells,38 for CNT-based
and other graphene-based material it appears useful to add
HAn for increasing osteoblast adhesion.4,41 Therefore, PEPD is
a suitable coating technique used for 3D scaﬀolds to extend
bioapplications of AG by a homogeneous incorporation of
bioactive nanoparticles (e.g., HAn) into its structure.
Actin ﬁber bundles as small compartments of stress ﬁbers
have a key role in cell motility.42 To investigate the formation
of stress ﬁbers in osteoblasts on bare AG and HAn-AG
scaﬀolds, actin ﬁbers were investigated via phalloidin staining
(red). In addition, nuclei of preosteoblast cells were stained
using DAPI (blue). However, as imaging in AG is limited, only
cells located up to 200 μm from the surface of the scaﬀolds
were imaged. Interestingly, all types of scaﬀolds are fully
covered with osteoblasts after 4 days (Figure 9, left column)
and the osteoblasts are stretched between and along the
ﬁlaments of the scaﬀolds (Figure 9, middle column).
Osteoblast elongation is presumed to enhance their migration
into 3D networks by providing coherent interfaces between
cells and the scaﬀolds.40 Images at higher magniﬁcation
(Figure 9, right column) (Supporting Information, Figure S2)
reveal dense actin networks in the cytoplasm of attached
osteoblasts, as they are typical in these cells.43 This is in
agreement with a previous study of rat bone mesenchymal
stem cells on HAn and a reduced graphene oxide composite.44
The interstitial space of AG at the ﬁrst glance appears to be
smaller than the recommended pore size for bone regeneration
(e.g., >300 μm) based on studies on porous blocks of
hydroxyapatite and pores laser-textured Ti6Al4 V scaﬀolds.45
Although Karageorgiou et al. stated a pore size of 100 μm as
minimum requirement, the ﬁbrous network of AG provides
more free spatial microstructure for 3D osteoblasts growth4
compared to porous block materials.
4. CONCLUSIONS
In summary, we have developed a periodic EPD process that
allows for coating porous scaﬀolds with ceramic HAn. Whereas
the standard EPD process led to a thick surface layer of HAn
on ﬁbrous aerographite, thus blocking the pores and hindering
the homogeneous coating of the whole scaﬀold, our period
procedure allowed for the homogeneous coating of the full
scaﬀold. The in situ monitoring of HAn deposition on the AG
scaﬀolds revealed the high tendency of HAn to deposit on the
outer areas of the AG network in the standard EPD process
but not in the PEPD process. The PEPD technique presented
here is therefore a simple and practical method that can be
adopted to decorate diﬀerent types of 3D porous scaﬀolds with
a wide variety of charged nanoparticles for diverse applications.
In our speciﬁc example, we could demonstrate the bioactivity
of the HAn-AG scaﬀolds as well as their ability to support
osteoblast cell growth, so that they are promising candidates
for bone tissue engineering.
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Chapter7
Conclusion
In my thesis, novel fibrous biomimetic and biohybrid carbon scaffolds that ensure
an optimal environment for 3D fibroblast and osteoblast growth, have been devel-
oped. These fibrous structures offer intriguing 3D biomimetic network to promote
cell proliferation and adhesion, so that cells stretch between the fibrous filaments of
the scaffolds. Promoting cell proliferation and adhesion in this work was conducted by
both compositional alteration and functionalization. The functionalization approaches
for enhancing fibroblast adhesion and growth are presented in publication 1 and 4, re-
spectively. On the other hand, the fibroblast and osteoblast adhesion and proliferation
on the biohybrid scaffolds with tunable features are presented in publication 2 and 3.
In addition, the biocompatibility of the scaffold is discussed in all the publications
accordingly. The combination of the two approaches enabled the development of a
variety of scaffolds with an unique fibrous biomimetic architecture.
In the first approach, AG as a novel ultraweight graphitic material has been func-
tionalized using cRGD peptides coupled to PEG conjugated phospholipids. Using
these networks as a conductive scaffold for 3D cell growth revealed the high capacity
of biofunctionalized AG for fibroblast adhesion and proliferation. The biocompati-
bility of the developed scaffolds was proven through MTT metabolic activity assay
according to the norm ISO 10993. The great advantages of AG compared to other
porous 3D scaffolds are its unique fibrous microstructure and high porosity to accom-
modate fibroblasts. This microstructure provides large free space for cell adhsion and
growth. Thus, cells were able to adhere and elongate between the filaments of AG
scaffolds. In addition, fluorescence microscopy showed that fibroblasts develop actin
fibers and focal complexes growing on the AG matrix. Functionalized AG with its
extensive possibilities of tailoring is applicable for further bioapplications.
To extend the possibilities of AG microstructure for further tissue engineering and
bioapplications, a novel modular design strategy to develop fibrous biomimetic carbon
scaffolds with remarkable and tunable features, is introduced. Carbon-based scaffolds
that mimic the ECM, with tuning electrical conductivity (ca. 0.1330 S/m), stiffness
(ca. 1030.7 MPa), have been successfully fabricated. Biocompatibility studies revealed
high protein adsorption capacity and fibroblast proliferation. Accordingly, the scaf-
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folds are capable for biofunctionalization and addition of other biochemical cues. In
addition, fibroblasts sprawl and elongated along the fiber of the matrices. The devel-
oped paxillin-containing adhesion sites as well as actin fibers reveal that fibroblasts
are able to adhere and extend leading edges. In addition, the fabrication procedure is
very simple and can in principle be adopted to develop 3D assemblies from other low-
dimensional nanomaterials e.g. bioactive nanoparticles. This is particularly relevant
in bone tissue engineering.
In the other study in my thesis, a simple and efficient strategy to fabricate highly
porous composite scaffolds made of self-entangled CNTs in microtube structures with
incorporated bioactive ceramic nanoparticles (BGN and HAn) is demonstrated. The
incorporation of BGN and HAn resulted in biomineralization of the scaffolds, which
possibly leads to promote bone ingrowth. Biocompatibility of the scaffolds was con-
firmed by showing that both fibroblasts and osteoblasts are capable of adhesion and
stretching out between the fibers beside high protein adsorption capacity of the scaf-
folds. In addition, the hollow microtubes lead to an increase in ion release and low
density of the scaffolds. This strategy can provide high-throughput method for imple-
menting a variety of ceramic nanoparticles into the highly porous 3D networks upon
the preferential removal of the ZnO by H2 etching/sintering process. This in combina-
tion of tunable features e.g. stiffness and porosity, offers the opportunity of fabricating
diverse hybrid composite structures.
In another attempt to achieve bioactive AG scaffolds, a novel periodic EPD pro-
cess to coat the highly porous network of AG is presented. If the AG scaffolds were
coated with a standard EPD process, an inhomogeneous distribution of deposited HAn
throughout the 3D network has been demonstrated by µCT investigation. This result
is supported by in situ monitoring of fluorescently labeled HAn during EPD process.
The in situ monitoring revealed the high tendency of HAn to deposit on the outer
areas of the AG network forming a shell during the standard EPD process. On the
contrary, a homogeneous distribution of deposited HAn was obtained by using the here
presented periodic EPD. Biocompatibility studies revealed a high proliferation rate of
osteoblasts as well as the ability of osteoblasts to develop actin fibers. The scaffolds
are fully covered with osteoblasts, the osteoblasts are stretched and elongated between
and along the filaments of the scaffolds. In addition, the incorporation of HAn into
the AG network led to an increase in both protein adsorption capacity and ALP en-
zyme activity of osteoblasts. The experimental outcome suggests that HAn coated
AG scaffolds provide a suitable network with astonishing features for 3D osteoblast
growth. The coating strategy presented here can be easily applied to many different
3D scaffolds.
The spatial architecture of fibers in the fabricated structures presented in this thesis
provides a large free space for 3D cell growth and cell adhesion. In addition, the
fabrication procedure can in principle be adopted to develop 3D assemblies such that
they finally mimic the ECM structurally and biochemically, but with the additional
feature of conductivity. This allows several degrees of freedom in the design of such
fibrous carbon scaffolds and provides unique properties for controlling cell growth and
adhesion in 3D.

Appendix-A
A.1 Overcoming the cytotoxic effect of AG by a
washing process
The preliminary cytoctoxicity tests on AG have shown toxicity towards REF52 cells.
In principle graphite is considered as an inert material. Thus, in order to understand
the origin of the toxic effect, the amount of released ions from AG samples into the
culture medium was measured every 3 days. Interestingly, the results indicated a
high concentration of Zn ions in the medium during the first days of immersion as
seen in Figure (Appendix-A.1). Continuing the immersion of AG in the medium,
the concentration of released-Zn ions as well as the cytotoxic effect of AG drastically
decreased to almost zero (Figure Appendix-A.1). This can be attributed to possible
residual ZnO from the AG process (see section 2.3) which is released and removed
from the AG’s structure by immersion in culture medium. These results suggest a
necessary pre-washing step prior to the use of AG in in vitro studies.
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Figure Appendix-A.1: Concentration of Zn ions released into the culture medium
and its cytotoxic effect by immersion the AG scaffold in culture medium. The blue,
red and black graphs illustrate the Zn ion concentration in culture medium: after
immersing AG (black graph), and AG that was functionalized with PEG lipid (red
graph) every 3 days in fresh culture medium. The blue graph represents the situation
for untreated culture medium. The purple graph illustrates the viability percentage of
REF52 cells exposed to culture medium after immersion an AG sample. The medium
was refreshed every 3 days and the treated medium was used for a MTT assay.
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MATERIALS AND METHODS
Biofunctionalization: A 4:1 mixture of 2-distearoyl-sn-glycero-3-phosphoethanolamine-
N- [amine(PEG)2000] (DSPE-PEG2000-NH2; Avanti Polar Lipids) and DSPE-PEG2000-
cRGD was prepared in ultrapure water with a PEG-lipid concentration of 1mg/ml.
AG samples were placed into a 12-well plate and 500 µl of PEG-lipid mixture were
carefully pipetted into each well. The well-plate was covered with a lid and placed
into a desiccator, which was evacuated and purged with nitrogen twice. Then sam-
ples remained under nitrogen atmosphere for 24 hours. Afterwards, the samples were
washed twice with ultrapure water and left to soak in ultrapure water for another 24
h to remove unbound PEG-lipids. Finally, the solution was exchanged for cell culture
medium and AG samples were directly used for cell seeding.
Covalent coupling of cRGD to amine terminated PEG-lipids: Cyclo(Arg-Gly-Asp-
D-Tyr-Lys) (c(RGDyK); EUROGENTEC) was coupled via the amine terminus to
DSPE-PEG2000-NH2 (M=2,790 g/mol ) according to following procedure. 10 mg
of PEG-lipids were dissolved in 3 ml standard PBS containing 8% glutaraldehyde
(Sigma) assisted by brief (4sec) sonication and 10 min treatment in a thermoshaker
at 1500 rpm and 40°C. The solution was allowed to incubate over night at room
temperature. Activated PEG-lipids were concentrated and washed 3 times with 200
µl ultrapure water using centrifugal filters (Vivacon 500, 2,000 MWCO; Sartorius)
at 10,000 g for 90 min. For reductive amination of activated PEG-lipids (DSPE-
PEG2000- glutaraldehyde), 2.5 mg c(RGDyK) (1.1 eq; 4mol) were dissolved in 500
µl carbonate buffer pH 8.3. Then 236 mg of sodium cyanoborohydride NaCNBH 3
(M=62.8 g/mol) were dissolved in 200 µl carbonate buffer pH 8.3, of which 20 µl
were added to the recovered DSPE-PEG2000- glutaraldehyde solution together with
the dissoveld c(RGDyK). The solution was briefly sonicated (4sec), then placed in a
thermoshaker for 15 min at 40°C and 1500 rpm, and left for incubation over night at
room temperature. The solution was then filtered using vivacon 500 centrifugal filters
at 10,000 g for 120 min to remove carbonate buffer followed by 3 washing steps with
ultrapure water (200 µl) at 10,000 g for 40 min for purification of the resulting DSPE-
PEG2000-cRGD. The recovered concentrated cRGD-PEG-lipids were stored at -20°C
until use.
Cell culture and cell seeding: Rat embryonic fibroblasts (REF52) and fluorescent
rat embryonic fibroblasts (REF52 YFP Pax), were cultured in Dulbeccos modified
Eagles medium (DMEM; Gibco Laboratories) supplemented with 10% fetal calf serum,
1% penicillin/streptomycin, and 2 mM L-glutamine (all from Gibco Laboratories)
in an incubator at 37°C and 5% CO 2 level. About 20,000 cells were seeded on
functionalized AG and 10,000 cells were seeded into empty control wells. Growth was
visually inspected until control cells reached confluence after day 4. Then the cells
were fixed with 4% paraformaldehyde (PFA) in Hanks buffered salt solution (both
Sigma) for 20 min and washed with PBS.
Actin fiber and nuclear staining with Phalloidin and Hoechst: PFA fixed control
cells and AG/cell samples were washed with PBS three times and 0.1% Triton X-100
in PBS was added for 5 min followed by three times washing with PBS. Next 20 µl
PBS and 5 µl Phalloidin and 0.2 µl Hoechst (10 µg/ml) were mixed. Phalloidin stains
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actin fibers, and Hoechst stains the nucleus of a cell. Four µl of staining solution were
added to each sample and incubated for 20 min at 37°C. Afterward, the solution was
removed and the wells were washed with PBS three times and transferred to an IX81
microscope to examine them.
Fluorescence microscopy: Fluorescence imaging was done on an Olympus IX81
inverted microscope equipped with a metal halide lamp, and a monochrome CCD
camera (Hamamatsu C9300). In order to observe the different fluorescently labeled
cell features the following filters were used: YFP to observe YFP conjugated paxillin
that marks adhesion complexes, DAPI for nuclear staining with Hoechst, and RFP
to visualize phalloidin stained actin fibers. Setup control and image recording were
assisted by Olympus CellSense Dimension software. Control cells were recorded in
epi-fluorescence configuration at 0.1 sec illumination. Images of AG bulk samples
were taken as optical image stacks of 20 to 80 sections in epi-fluorescence by motor-
stage assisted change of the focal plane in 5 µm-steps. Illumination was set to 5
sec per image to provide enough fluorescence signals at reasonable signal to noise
ratio. Image processing of monochrome images was done using CellSense Dimension
software. Composite images of all three channels were done in Image J with adjustment
of contrast and brightness.
MTT based viability assay: In accordance with protocols in part 12 of ISO 10993
(ISO 10993- 12:2004) Sample preparation and reference materials, we have prepared ex-
tracts from three PEG-lipid functionalized and three pristine AG samples in cell culture
medium with a mass/volume ratio of sample and medium of 0.1 g/ml taking into con-
sideration the standard surface areas and extract liquid volumes outlined in Table 1 of
the ISO 10993:12:2004. The immersed samples were gently agitated at 37°C over a pe-
riod of 72 h. Following protocols in part 5 of ISO 10993 (ISO 10993-5:2009) Tests for in
vitro cytotoxicity the viability of REF 52 fibroblasts was tested with an MTT metabolic
activity assay after 24 hours of exposure of seeded cells to the extracts. REF cells were
cultured for 24 h at 37°C with the undiluted extracted medium. Cells treated with
15% DMSO served as positive control, and cells incubated in untreated culture medium
were used as negative control. After 24 h incubation the medium was exchanged to
3-(4.5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) (Sigma- Aldrich,
Germany) solution in Eagle minimum essential medium (Biochrom, Germany) without
supplements and phenol red (at concentration of 1mg/ml) followed by 4 h incubation
at 37°C. The MTT converted to formazan was extracted by adding isopropanol al-
cohol, and the optical density of formazan was measured in a plate reader (Bio-Tek
instruments, Quant) (at 570 nm).
Super critical point drying and scanning electron microscopy: PFA fixed AG/cell
samples were dehydrated stepwise in graded ethanol (EtOH) of increasing alcohol
concentrations starting at 60% EtOH and incubation period of 30 min followed by
80% (30 min), 90% (30 min), 95% (1 h) and 100% (>1 h). Thereafter, EtOH was
substituted against acetone and the samples were transferred into the chamber of the
critical point dryer (CPD, BAL-Tec CPD030). For SEM imaging a 7,5 nm layer of gold
was applied directly after CPD. Imaging was done in Supra 55VP field emission SEM
(Zeiss) applying an acceleration voltage of 2 kV. SEM images have been cropped but
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are otherwise displayed as recorded. Scale bars have been included using CorelDraw
X7.
Preparation of AG sections: PFA fixed AG/cell samples were dehydrated in graded
EtOH. Concentrated EtOH was then substituted against xylene, which was changed
3 times with 1 h settling time for each step. Afterwards samples were soaked in
paraffin of 56°C for 1.5 hours, drained and immersed again for embedding into blocks of
solidified paraffin. After complete hardening, paraffin was trimmed down to the sample
surface and sections of 9 µm thickness were prepared with a microtome. Sections were
placed onto glass slides and dried at 37°C. Prior to hematoxylin/eosin (HE) staining
with Mayers Haemalaun and 0.1 % Eosin-B solution (both from Merck) paraffin was
removed and sections were rehydrated by reversal of the dehydration procedure.
Dewaxing of AG/cell sections and haematoxylin/eosin staining. Dewaxing was done
by placing glass slides with paraffin sections in xylene three times for 3 min. Then the
glass slides were passed through ethanol solutions of decreasing concentrations (100%
EtOH 3 x 3 min, 90% 2 x 3 min, 80% 2 x 3 min, 70% 1 x 3 min, 50% 1 x 3) and finally
into deionized water for two times 3 min. After rehydration glass slides were incubated
in Mayers Haemalaun solution (Merck) for 3 min, rinsed with 0.1% HCl for 2 sec and
washed under running water for 1 min. Next, glass slides were placed in 0.1% Eosin-B
solution (Merck) for 3 min followed by 30 sec rinsing with water. Lastly, samples were
dehydrated again in an ascending graded ethanol series, soaked in xylene two times,
and then covered with Neo-Mount (Merck) and a cover slip.
Optical bright field microscopy was done on an Olympus BX43 equipped with a
color CCD camera (ImagingSource). Final image contrast and brightness of presented
micrographs were adjusted using CorelDraw X7.
SI APPENDIX I: Surfactants for immersion of AG in aqueous media test series
A vast number of molecules have been investigated for dispersion of carbon based
materials. We have chosen amphiphilic agents that were successfully tested for large
diameter CNTs, as AG filaments range from several 100 nm up to a few micrometers.
We have tested the following agents at different concentrations in aqueous solution:
1. Bovine serum albumin (BSA), a serum albumin protein derived from cows, which
is a standard low cost protein in lab experiments and cell culture, and shows no adverse
effects.
2. Carboxymethyl cellulose (CBMC) is used in detergents and in purified form for
food and pharmaceutical applications.
3. Amine terminated poly(ethylene glycol) conjugated phospholipids (e.g. DSPE-
PEG2000- NH2), are engineered biopolymers that have been proven to successfully
disperse CNTs and graphene. The hydrophobic tails of the phospholipid DSPE (1,2-
distearoyl-sn- glycero-3-phosphoethanolamine) are assumed to attach non-covalently
to the AG surface via hydrophobic interactions, whereas PEG extends into the aqueous
phase imparting hydrophilicity to AG. Applications of PEG in medicine are manifold.
It is used to increase blood circulation times of therapeutics and prevent rapid renal
clearance, serves as coating and lubricant for pharmaceutical products and in eye
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drops.
4. Cell culture medium supplemented with 10% fetal bovine serum (FBS) is used for
eukaryotic in vitro cell culture. Apart from BSA as the major component, FBS contains
a rich variety of proteins including growth factors. The nutrients and proteins of FBS
may adsorb onto the AG surface and facilitate AG immersion in aqueous solutions as
well as afford a suitable matrix for cell adhesion
Figure S1: Transfer of hydrophobic AG into aqueous media employing amphiphilic
molecules as immersing agents. AG pellets of 8 mm diameter are fixed to silicon
substrates and placed in wells containing aqueous suspensions of different agents. A)
Bovine serum albumin (serum protein) The aqueous solution is strongly repelled by
AG and collects around the Si-chip, whereas AG remains dry. B) Carboxymethyl
cellulose with a molecular weight of 90 kD. The liquid is strongly repelled and col-
lects in the top part of the well, and away from the Si-chip. C) Carboxymethyl cel-
lulose with a molecular weight of 250 kD is repelled as demonstrated by the drop
forming on the AG disk, similarly to plain water. D) 2-distearoyl-sn-glycero-3-
phosphoethanolamine- N -[amine(PEG2000)] (DSPE-PEG2000-NH2) readily wets
AG and the Si-chip is entirely submerged in the liquid. E) Cell culture medium sup-
plemented with 10% fetal bovine serum (proteins). F. Water as control sample to
illustrate super-hydrophobicity of unmodified AG.
Figure S1 illustrates the results of the series of experiments. BSA and CBMC at
different molecular weight were not successful in improving immersion of AG. Cell
culture medium supplemented with 10% FBS showed improved immersion of AG after
a 2 days incubation period. DSPE-PEG2000-NH2 has shown to readily immerse AG in
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aqueous solutions and thus proven to be the most promising candidate for AG surface
functionalization.
SI APPENDIX II: Additional SEM images of DSPE-PEG2000-NH2 functionalized
AG We employed SEM imaging to investigate the surface of biofunctionalized AG
scaffolds at high resolution. Figure S2 shows a representative surface scan with differ-
ent magnifications of DSPE-PEG2000-NH2 functionalized AG. The sample was dehy-
drated by drying at ambient conditions and imaged without further surface treatment.
The adsorbed molecules become visible at high magnification as fine hairy structures
extending from the side walls (Figure S2 B) and as faint bright dots (Figure S2C). Pris-
tine AG was subjected to Au sputtering as a control for scanning electron micrographs
of biofunctionalized AG (Figure S3).
Figure S2: Scanning electron micrographs of AG non-covalently functionalized with
DSPEPEG2000-NH2 without Au coating.
Figure S3: Scanning electron micrographs of pristine AG with Au coating.
SI APPENDIX III: Paraffin thin section of AG of different densities Three differ-
ent AG structures C111, C107 and C116 of varying specific weight ranging from 0.2
mg/ccm to 1.5 mg/ccm were investigated. The CVD parameters influence the wall
thickness of the graphitic shells and thus the density of the resulting AG samples. By
varying the toluene injection rate various AG densities were obtained and estimated
to be 0.2 0.4 mg/ccm for the most lightweight batch C111 (injection rate 5 ml/h
per g(ZnO)), 0.5-0.7 mg/ccm for batch C107 (injection rate 5 ml/h per g(ZnO)) ,
and 1.0-1.2 mg/ccm for batch C116 (injection rate 6 ml/h per g(ZnO)). Figure S4
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shows representative cross sections and a photograph of all 3 types in dry state. It is
important to mention that all three types were produced based on a cylindrical ZnO
template of 6 mm diameter and 3 mm height. In C107 and C106 the original size of the
template is preserved with a minor gain in size of 1-2%. The ultra-lightweight struc-
ture of C111 - on the other hand - exhibits much reduced dimensions, as a consequence
of compression under its own weight.
The samples were transferred into bi-distilled water through non-covalent surface
modification by hydrophobic adsorption of PEG-lipids. For paraffin embedding de-
hydration was carried out by sequentially exchanging water for ethanol, subsequent
transfer into xylene and soaking into liquid paraffin. During this procedure the samples
were constantly kept in liquid to prevent collapse of the AG structure due to surface
tension during evaporation. After solidification the paraffin blocks were trimmed down
and either horizontal thin sections or vertical sections of 9 µm thickness were prepared
for assessment of the network within the bulk material (Figure S4).
Figure S4: Cartoons illustrating the preparation of horizontal and vertical sections
from different paraffin embedded AG samples. Embedded AG disks were 6 mm in
diameter and 3 mm in height. (A) Side view cartoon depicting the preparation of 9
µm thick horizontal cross sections to about the equatorial line of the AG disk at 1.5
mm. The photograph to the right shows what remains from the paraffin embedded AG
disks after sectioning. (B) The top view cartoon on the left shows the preparation of
vertical sections of 9 µm thickness and 3 mm height, which were were cut from the
first 2 mm of the 6 mm AG sample. The top view photograph of the paraffin block
shows the remaining sample.
The sections were investigated under a light microscope to assess filament thickness,
pore size, matrix connectivity, and homogeneity of these parameters (Figure S5A-C).
Sections of the ultra- lightweight AG C111 generally revealed that the filament lengths
and diameters, as well as the pore sizes ranged below typical structural parameters
presented by natural extracellular matrix. Sections of AG C107 showed reduced con-
nectivity of filaments, which might be an artificial result of the harsh treatment during
paraffin embedding where paraffin was repeatedly filled and drained into and from the
bulk sample, or may be related to structural problems of the ZnO template. Regions
with disrupted network connectivity were much fewer in C116 with the highest specific
weight of > 1mg/ccm. Thus we assumed that interfilament connections were more ro-
bust, suggesting that this type of AG might be more suitable for future experiments.
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Figure S5: (A) Photograph showing AG samples of different specific weight be-
fore paraffin embedding; C111 ultra-lightweight AG with average specific weight of
0.25 mg/cm3, C107 AG with average specific weight of 0.6 mg/cm3, C116 AG with
average specific weight of 1.1 mg/cm3. (B-C) Light microscopy images of paraf-
fin sections revealing the network structure of carbon microfilaments within the bulk
samples of C111, C107 and C116. Scale bars 100 µm.
SI APPENDIX IV: Additional light microscopy images of haematoxylin and eosin
stained AG sections
Figure Appendix-B.6: (A) HE-staining makes REF52 YFP Pax cells visible by
coloring the nuclei blue and the cytosol pink. Due to the vigorous de-waxing and
staining treatment, the original section (Figure S5D) is disrupted and in part has
been washed off the glass slide. B)-G) Higher magnification reveals cells that are
well interfaced with AG filaments and illustrate morphologies typical for fibroblasts.
Scale bars 10 µm.
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Figure S1: Optical absorption spectrum of the graphene ink.
Figure S2: Scanning electron micrographs showing the microstructure of ZnO tetra-
pod templates. a-c) Overview of the ZnO microstructure, d-f) zoom-in on ZnO
tetrapods.
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Figure S3: Scanning electron micrograph of ZnO templates after infiltration with
graphene. The ZnO tetrapods are coated by graphene. a, b) Overview of ZnO
templates after infiltration with graphene. d, e) High magnification image of ZnO
tetrapods after infiltration with graphene.
Figure S4: Scanning electron micrograph of ZnO templates after infiltration with
CNTs. The ZnO tetrapods are coated with self-entangled CNTs. a, b) Overview of
ZnO templates after infiltration with CNTs. c, d) High magnification image of ZnO
tetrapods after infiltration with CNTs.
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Figure S5: Schematic illustration of the different 3D carbon tube structures. Brief
description of abbreviations; a) Hydrolysis of CNT-decorated ZnO (CNTT), b) Con-
version of graphenedecorated ZnO to aerographite (AG-G), c) Conversion of CNT-
decorated ZnO to aerographite (AG-CNTT), d) Conversion of CNT- and glucose-
decorated ZnO to aerographite via a carbothermal reduction process (CNTT-g).
Figure S6: Scanning electron micrographs of AG-CNTT structures, revealing the
graphitic shell beneath entangled CNTs. a) Graphitic shell beneath entangled CNTs,
b) Zoom-in on the graphitic shell beneath entangled CNTs, c, d) Medium sized
overview showing the graphitic shell beneath entangled CNTs. (Red arrows show
CNT and graphite shell in the SEM images)
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Figure S7: Long-cycle compression test graph of AG-G scaffold. The graph presents
the stressstrain curves at different cycles (i.e. 1, 10, 50, and 100) up to 100 times
to 13.3 % at a deformation speed of 40 µm/s, with no waiting time between the
individual compression cycles.
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Figure S8: High magnification fluorescence image of REF52 YFP-paxillin cells on
3D scaffolds a,b) CNTT, c,d) AG-CNTT, e,f) CNTT-g, g,h) AG-G. YFP-paxillin
is mainly distributed in small adhesion sites (YFP; yellow), the nucleus was stained
with Hoechst (DAPI; blue) and actin fibers were visualized by phalloidin (red). Fluo-
rescent imaging took place in optical sections approximately between 50-100 µm from
the surface of the material.
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Supporting discussion
1. Long cycle compression test on AG-G scaffold
The mechanical properties of our 3D carbon nanomaterial scaffolds, indeed play a
crucial role in applications such as biomimetic scaffolds. As discussed in the manuscript,
we are able to tailor the mechanical properties of the network structures by the incorpo-
ration of different nanomaterials into a graphitic shell. For example, the incorporation
of CNTs results in an increase in the compression strength as well as the Youngs mod-
ulus of the bare graphitic scaffold, whereas this is rather brittle when compressed. In
the case of non-CNT containing scaffolds (such as AG and AG-G) these exists elas-
tic behavior under compression. In order to illustrate this point more in detail, we
have measured the long-cycle compression behavior of an AG-G scaffold. This is the
scaffold with the lowest stiffness among all the other presented scaffolds in our study.
The scaffold was compressed 100 times to 13.3 % at a deformation speed of 40 µm/s,
with no wait time between the individual compression cycles. Figure S7 shows the
stress-strain curves at different cycles (i.e. 1, 10, 50, and 100). As a typical behavior
of such highly porous foams 1 the first cycle (virgin curve) shows a deviation from
the following cycles due to irreversible plastic deformation, indicating a change in the
scaffold morphology into an energetically more favorable arrangement of the hollow
microtubes. For the following 9 cycles the mechanical behavior is purely elastic and
the stress-strain curves changing only slightly until a stable state is reached and almost
no further change can be observed for the next 90 cycles.
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Figure S1: EDS results of scaffolds after immersion in simulated body fluid (SBF).
CNTT-BGN in SBF for 7 d (red graph); CNTT-HA in SBF for 7 d (black graph);
CNTT-BGN/HA in SBF for 7d (blue graph).
Table S1: Density and porosity of the different scaffolds tested in this study.
CNTT(y)-BGN(x): y and x correspond to the number of infiltrations of CNTs and
ceramic (HA or BG) nanoparticles, respectively. For example, CNTT(3)-BGN(5)
means a ZnO template was infiltrated 5 times with BG nanoparticles and 3 times
with CNT dispersion.
.
Scaffold CNT HA/BGN Density/ Porosity
concentration concentration
(mg/cm3) (mg/cm3) g/cm3 (%)
CNTT(3)-BGN(5) 32 214 0.246 87-94
CNTT(5)-BGN(5) 53 214 0.267 86-93
CNTT(7)-BGN(5) 75 214 0.289 85-92
CNTT(3)-HA(5) 32 214 0.246 87-94
CNTT(5)-HA(5) 53 214 0.267 86-93
CNTT(7)-HA(5) 75 214 0.289 85-92
CNTT(7)-BGN(3)/HA(3) 75 257 0.332 83-91
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Figure S2: Current-voltage (IV) curve of CNTT-HA and CNTT-BGN scaffolds,
and the sample holder, which was used for electrical conductivity measurement.
Figure S3: Stress-strain curves for determining the compressive strength of CNTT-
HA and CNTT-BGN scaffolds. The arrows mark the points of the maximum com-
pressive stress (at which the sample breaks).
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Figure S1: Schematic of in situ filming during fluorescently labeled HAn deposition
via EPD. The schematic reveals the meaning of lateral deposition. The focal plane
of imaging is almost located on the surface of AG scaffolds, which is perpendicular
to the direction of imaging. Due to the direction of imaging the deposit growth only
is detectable among the focal plane, which is called lateral deposition in this study.
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Figure S2: High magnification fluorescence images of preosteoblast cells (MC3T3-
E1) cells on 3D scaffolds A) AG, B) 1 min EPD, C) 30 min EPD, D) PEPD 2g/l.
Actin fibers were visualized by phalloidin (red). Fluorescence imaging took place in
optical sections up to 200 µm from the surface of the material.
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Figure S3: Youngs moduli (measured under compression) of AG, 1 min EPD,
30 min EPD, and PEPD 2g/l scaffolds. The Youngs moduli of the scaffolds were
measured using a home-built electromechanical testing setup. (Error bars represent
the mean ± standard deviation, n = 3)
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Figure S4: XRD pattern of 1 min EPD and 30 min EPD scaffolds after and before
autoclaving at 121 ◦C. The XRD pattern of the scaffolds show typical peaks for hy-
droxyapatite (•hydroxyapatite). The XRD patterns reveal no significant crystallinity
difference between the scaffolds.
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Figure S5: Cell viability of preosteoblast cells (MC3T3-E1) treated with extracts of
AG, 1 min EPD, 30 min EPD, and PEPD 2g/l, measured via an MTT-formazan
absorbance assay. Fresh and untreated culture medium served as control. (Error
bars represent the mean ± standard deviation, n = 5)
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Figure S6: SEM micrographs of preosteoblast cells (MC3T3-E1) cultivated for four
days on AG and HAn-AG scaffolds. Scale bars are 20 µm for the column to the left,
10 µm for column to the right. SEM imaging took place deep inside the scaffolds (up
to 3 mm). The yellow arrows point at osteoblast cells inside the scaffolds.
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